ALIGNED FINE PARTICLES, METHOD FOR 
PRODUCING THE SAME AND DEVICE USING THE SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to aligned fine particles in which fine 
particles whose surfaces are coated with an organic coating film are aligned 
on a surface of a substrate, a method for producing the same and a device 
using the same. The present invention also relates to industrial applications 
thereof, that is, a magnetic recording medium for high density magnetic 
recording/reproduction in which fine magnetic particles are aligned on a 
substrate, a magnetoresistive device, and a semiconductor device utilizing 
fine particles. 

2. Description of the Related Art 

There have been methods for forming fine particles on a surface of a 
substrate for a long time. Conventional and typical techniques include a 
method of dipping a substrate in a fine particle solution in which fine 
particles are dispersed, a method of dripping fine particles on a surface of a 
substrate for bar coating, and a method of dripping a fine particle solution as 
above on a surface of a substrate and then applying it over the surface by 
rotation. 

Furthermore, a method for forming an organic thin film on surfaces of 
fine particles has been under development for a few years. 
JP1(1989)-309902A discloses a method of coating surfaces of fine particles 
with an organic material comprising a chlorosilane compound or the like, and 
a method for forming a film made of fine particles on a surface of a substrate. 
In addition, it recently has been reported in a scientific magazine (Science, 
March 17, 2000) that a monomolecular film-like film is formed on surfaces of 
fine particles, and they are formed on a surface of a substrate. This method 
has broken the limit of the crystal grain size control of a conventional thin 
film magnetic recording medium, and has received attention as an attempt to 
control magnetic domains by the size of the fine particles. 

A method for forming a pattern of fine particles is disclosed in 
JP2(1990)-9196. 



A tunnel magnetoresistive device utilizing fine particles has been 
proposed (Science, vol. 290, Nov. 10, 2000, page 1131). 

In the field of semiconductor devices, dot memory devices employing 
nanoparpticles as their floating gates are expected to serve as a high-speed 
operable non-volatile memory (e.g., S. Tiwari et al. Applied Physics Letter, vol. 
68, page 1377, 1996). In the dot memory devices, metallic or semiconductor 
fine particles of several nm or less are used to carry charges. 

However, none of the conventional and typical techniques such as 
dipping a substrate in a fine particle solution in which fine particles are 
dispersed, dripping fine particles on a surface of a substrate for bar coating, 
and dripping the fine particle solution on a surface of a substrate and then 
applying it over the surface by rotation can control the thickness of the fine 
particles on the order of the fine particle size. In addition, as the fine 
particle size becomes smaller, the distribution of the thickness of the fine 
particles on the surface of a substrate becomes larger. 

JP l(1989)-309902 is valuable as a basic patent for coating the 
surfaces of fine particles with a monomolecular film, but fails to disclose a 
method for immobilizing the fine particles on the surface of a substrate, and 
thus presumably has problems in the practical use, the production, and the 
durability. 

In the above-described article (Science, March 17, 2000), a method for 
controlling the thickness of a film comprising fine particles is not established, 
and this article only discloses that fine particles are placed on the surface of a 
substrate as in the above-described patent and seems to have a problem in 
adhesion between the substrate and the fine particles and thus a large 
problem in the practical use, the production, and the durability. When 
producing a magnetic recording medium by such a method, it is difficult to 
apply fine particles in a uniform thickness on the entire area of a HDD drive 
(at least 1 square inch) that is in practical use at present. 

In the conventional methods, only one type of fine particles is used. 
However, not only one type but a plurality of types of fine particles may be 
required to produce a functional device. There is no disclosure or conception 
of such a method in the prior art. 

JP2(1990)-9196 is valuable as one approach for forming a pattern of 
fine particles, but fails to disclose coupling between fine particles and a 
substrate as in the above -de scribed patent and article, so that this also seems 
to have problems in the practical use, the production, and the durability. 



Also when forming a magnetoresistive device employing fine particles, 
it is important to disperse the controlled number of layers of fine particles 
having uniform sizes. 

When applying this technique of employing fine particles to 
5 semiconductors, it is essential to form ultrafine particles having uniform 
particle sizes in a high density and uniformly on a tunnel insulating layer. 
However, the conventional techniques have not succeeded at it. 

SUMMARY OF THE INVENTION 
10 Therefore, with the foregoing in mind, it is an object of the present 

invention to provide aligned fine particles in which fine particles are 
m immobilized on a surface of a substrate efficiently and that allows the 

O subsequent processing to be performed precisely, and provide a method for 

iji producing the same and devices using the same. 

U1 15 A substrate provided with a layer of aligned fine particles of the 

~ present invention has the following features. An organic coating film bonded 

SJ to surfaces of the fine particles is formed on the surfaces of the fine particles. 

|L An organic coating film bonded to a surface of the substrate is formed on the 

surface of the substrate. The organic coating film on the surfaces of the fine 
fU 20 particles is bonded to the organic coating film on the surface of the substrate, 
^ whereby the fine particles are immobilized and aligned on the substrate, 

flj A method for producing aligned fine particles on a substrate of the 

present invention includes forming an organic coating film on a surface of the 
individual fine particle, forming an organic coating film on a surface of the 
25 substrate, and allowing the organic coating film on the surfaces of the fine 
particles to be in contact with the organic coating film on the surface of the 
substrate to form a bond between the two organic coating films. 

A method for producing a magnetic recording medium of the present 
invention includes forming an organic coating film on a surface of a fine 
30 magnetic particle, forming an organic coating film on a surface of the 
substrate, allowing the organic coating film on the surface of the fine 
magnetic particle to be in contact with the organic coating film on the surface 
of the substrate to form a bond between the organic coating films, and 
performing a heat treatment to the fine magnetic particles to increase a 
35 coercive force of the fine magnetic particle. 

Another method for producing a magnetic recording medium of the 
present invention includes the first process of applying fine particles provided 
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with an organic coating on their surfaces on a non-magnetic substrate 
directly or via an underlying layer, and the second process of performing a 
heat treatment to the fine particles in a magnetic field at a temperature of 
not less than the Curie temperature of the fine particles. 

Another method for producing a magnetic recording medium on a 
substrate of the present invention includes forming a soft magnetic thin film 
layer on the substrate by vapor phase rapid quenching, forming an organic 
coating film on a surface of a fine magnetic particle, forming an organic 
coating film on a surface of the substrate, allowing the organic coating film on 
the surface of the fine magnetic particle to be in contact with the organic 
coating film on the surface of the substrate to form a bond between the two 
organic coating films. 

A magnetoresistive device of the present invention has the following 
features. An organic coating film is formed on a surface of a substrate, the 
organic coating film being bonded to the surface of the substrate. An organic 
coating film is formed on a surface of a fine particle, the organic coating film 
being bonded to the surface of the fine particle. Aligned fine particles in 
which the fine particles are immobilized and aligned are formed by bonding 
the organic coating film on the surface of the fine particle to the organic 
coating film on the substrate. At least a pair of electrodes for passing a 
current through the fine magnetic particles is formed to change an electrical 
resistance between the electrodes by an external signal magnetic field. 

A magnetoresistive head of the present invention includes a 
magnetoresistive device and a shield provided outside the magnetoresistive 
device. An organic coating film is formed on a surface of a substrate, the 
organic coating film being bonded to the surface of the substrate. An organic 
coating film is formed on a surface of a fine particle, the organic coating film 
being bonded to the surface of the fine particle. Aligned fine particles in 
which the fine particles are immobilized and aligned are formed by bonding 
the organic coating film on the surface of the fine particle to the organic 
coating film on the surface of the substrate. At least a pair of electrodes for 
passing a current through the fine magnetic particles is formed to change an 
electrical resistance between the electrodes by an external signal magnetic 
field. The shield is provided for preventing a magnetic field other than the 
signal magnetic field from entering the magnetoresistive device. 

A magnetoresistive head of the present invention includes a 
magnetoresistive device and a yoke provided outside the magnetoresistive 
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device. An organic coating film is formed on a surface of a substrate, the 
organic coating film being bonded to the surface of the substrate. An organic 
coating film is formed on a surface of a fine particle, the organic coating film 
being bonded to the surface of the fine particle. Aligned fine particles in 
5 which the fine particles are immobilized and aligned are formed by bonding 
the organic coating film on the surface of the fine particle to the organic 
coating film on the surface of the substrate. At least a pair of electrodes for 
passing a current through the fine magnetic particles are formed to change 
an electrical resistance between the electrodes by an external signal magnetic 
10 field. The yoke is provided for guiding the signal magnetic field to the 
magnetore si stive device. 

A magnetore sistive head of the present invention includes a 
magnetoresistive device and a shield layer provided outside the 
magnetore sistive device. The magnetoresistive device has the following 
5i 15 features. An organic coating film is formed on a surface of a non-magnetic 
jjj substrate or on a soft magnetic underlying layer formed on the non-magnetic 

a substrate, the organic coating film being bonded to the surface of the 

O substrate. An organic coating film is formed on surfaces of magnetizable 

fine particles, the organic coating film being bonded to the surfaces of the fine 
fU 20 particles. Aligned fine particles in which the fine particles are immobilized 
and aligned are formed by bonding the organic coating film on the surfaces of 
the fine particles to the organic coating film on the surface of the substrate or 
the soft magnetic underlying layer. A fine magnetic particle layer is formed 
by applying a magnetic field to the magnetizable fine particles at a 
25 temperature of the Curie temperature or more and controlling a crystal 

orientation. An organic coating film as an electrically insulating film coating 
the fine magnetic layer and at least a pair of electrodes for passing a current 
through the fine magnetic particles are formed to change an electrical 
resistance between the electrodes by an external magnetic field. 
30 A semiconductor device of the present invention includes a barrier 

layer serving as a tunnel barrier layer provided on a semiconductor substrate 
and the following features. An or-ganic coating film is formed on a surface of 
the barrier layer, the organic coating film being bonded to the barrier layer. 
An organic coating film is formed on surfaces of fine particles, the organic 
35 coating film being bonded to the surfaces of the fine particles. Aligned fine 
particles in which the fine particles are immobilized and aligned are formed 
by bonding the organic coating film on the surfaces of the fine particles to the 
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organic coating film on the surface of the barrier layer. The semiconductor 
device includes an electrically insulating layer provided on the barrier layer 
and the fine particle layer. 

A semiconductor memory device of the present invention having an 
5 insulating gate semiconductor (MIS) type transistor structure includes a 

barrier layer serving as a tunnel barrier layer between a gate insulating film 
of the MIS type transistor structure and a semiconductor substrate, the 
barrier layer being provided on the semiconductor substrate, and the 
following features. An organic coating film bonded to a surface of the 
10 substrate is formed. An organic coating film is formed on surfaces of fine 
jjjj particles, the organic coating film being bonded to the surfaces of the fine 

p particles. Aligned fine particles in which the fine particles are immobilized 

U1 and aligned are formed on the surface of the barrier layer by bonding the 

g| organic coating film on the surface of the surfaces of the fine particles to the 

ffS 15 organic coating film on the surface of the substrate. 

^ A method for controlling a crystal orientation of fine particles of the 

present invention is characterized in that in a process for ordering fine 
H; particles comprising a random alloy, a crystal orientation is controlled by 

ry applying a magnetic field at a temperature of the Curie temperature or more. 

□ 20 A method for aligning fine particles, wherein the fine particles 

provided with an organic coating film on their surfaces are aligned in a 
concave portion in a concave and convex pattern formed on a surface of a 
substrate. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. lAto 1C are schematic cross-sectional views of a fine magnetic 
particle and a monomolecular film in Example 1 of the present invention. 

FIGS. 2Ato 2C are schematic cross-sectional views of a substrate and 
a monomolecular film in Example 1 of the present invention. 
30 FIGS. 3A and 3B are schematic cross-sectional views showing 

covalent bonding between the monomolecular film of the fine magnetic 
particle and the monomolecular film, of the substrate in Example 1 of the 
present invention. 

FIGS. 4 A to 4C are schematic cross-sectional views of a fine particle 
35 and a monomolecular film in Example 2 of the present invention. 

FIGS. 5A to 5C are schematic cross-sectional views of a substrate and 
a monomolecular film in Example 2 of the present invention. 
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FIGS. 6A and 6B are schematic cross-sectional views showing 
covalent bonding between the monomolecular film of the fine particle and the 
monomolecular film of the substrate in Example 2 of the present invention. 

FIGS. 7Ato 7C are schematic cross-sectional views of a fine particle 
and a monomolecular film in Example 3 of the present invention. 

FIGS.8A to 8C are schematic cross-sectional views of a substrate and 
a monomolecular film in Example 3 of the present invention. 

FIGS. 9 A and 9B are schematic cross-sectional views showing 
covalent bonding between the monomolecular film of the fine magnetic 
particle and the monomolecular film of the substrate in Example 3 of the 
present invention. 

FIGS. lOAand 10B are schematic cross-sectional views of aligned fine 
particles in Example 4 of the present invention. 

FIG. 11 is a schematic cross -sectional view of aligned fine particles in 
Example 5 of the present invention. 

FIG. 12 is a schematic cross -sectional view of aligned fine particles in 
Example 6 of the present invention. 

FIGS. 13A to 13D are sequential schematic cross-sectional views 
showing the formation of aligned fine particles structure in Example 7 of the 
present invention. 

FIG. 14 is a schematic cross-sectional view of aligned fine particles in 
Example 8 of the present invention. 

FIG. 15 is a schematic cross -sectional view of an alignment of 
accumulated fine particles that is patterned with energy irradiation in 
Example 9 of the present invention. 

FIG. 16 is a schematic cross-sectional view of patterning with 
circumferential energy irradiation in Example 10 of the present invention. 

FIG. 17 is a schematic cross-sectional view of patterning with 
rectangular energy irradiation in Example 11 of the present invention. 

FIG. 18 is a schematic cross-sectional view of patterning with 
concentric energy irradiation in Example 12 of the present invention. 

FIG. 19 A is a cross-sectional vi«w of an example of a magnetic 
recording medium (in the case of perpendicular recording) in Example 12 of 
the present invention. 

FIG. 19B is a cross-sectional view of another example of a magnetic 
recording medium (in the case of in-plane recording) in Example 12 of the 
present invention. 



FIG. 20A is a schematic plan view showing an example of a magnetic 
recording/reproducing apparatus of the present invention. 

FIG. 20B is a schematic cross-sectional view showing the magnetic 
recording/reproducing apparatus of FIG. 20A. 

FIG. 21 is a cross-sectional view of a semiconductor device of Example 
13 of the present invention. 

FIG. 22 is a cross-sectional view of a memory device of Example 14 of 
the present invention. 

FIGS. 23A to 23D are cross-sectional views of the memory device of 
Example 14 of the present invention. 

FIG. 24 is a schematic plan view of a magnetoresistive device of 
Example 15 of the present invention. 

FIG. 25 is a schematic perspective view of a shield type magnetic 
head in Example 15 of the present invention. 

FIG. 26 is a schematic perspective view of a yoke type magnetic head 
in Example 15 of the present invention. 

FIG. 27 shows the chemical formula of examples of binding between a 
monomolecular film on a surface of a substrate and a monomolecular film on 
surfaces of fine particles that can be used in the present invention. 

FIG. 28 shows the chemical formula of examples of binding between a 
monomolecular film on a surface of a substrate and a monomolecular film on 
surfaces of fine particles that can be used in the present invention. 

FIG. 29 is a schematic cross-sectional view of an example of a 
magnetic recording medium of the present invention. 

FIG. 30 is a schematic cross-sectional view of a conventional magnetic 
recording medium and a conventional magnetic head. 

FIG. 31 is a schematic cross-sectional view of a conventional magnetic 
recording medium and a conventional magnetic head. 

FIG. 32 is a schematic cross-sectional view of an example of a 
magnetic recording medium of the present invention. 

FIG. 33 is a schematic cross-sectional view of another example of a 
magnetic recording medium of the present invention. 

FIGS. 34A and 34B are schematic views showing an example of the 
method for aligning fine particles in Examples 20 and 21 of the present 
invention. 

FIG. 35 is a schematic view showing an example of a method for 
forming concavities and convexities in the method for aligning fine particles 



8 



in Example 21 of the present invention. 

FIGS. 36 A to 36D are schematic views showing an example of a 
method for forming concavities and convexities in the method for aligning 
fine particles in Examples 20 and 21 of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

An organic coating film formed on surfaces of fine particles is bonded 
to an organic coating film on a surface of a substrate by covalent bonding, ion 
bonding, coordinate binding or intermolecular force. Therefore, the fine 
particles are immobilized on the substrate, so that the conventional problems 
in the practical use, the production and the durability can be solved. 
Furthermore, fine particles are bonded to each other, if necessary, which also 
solves the conventional problems in the practical use, the production and the 
durability. 

When the organic coating film is a monomolecular film, it is possible 
to control the interval between the fine particles precisely. 

When the monomolecular film is formed as a self-assembling film 
(self-organizing film), the organic coating film can be formed in accordance 
with the material of the fine particles. Herein, "self-assembling film 
(self-organizing film)" refers to a film that has a functional group such as a 
thiol group, a chlorosilane group, a coordinate binding group, an isocyanate 
group, or an alkoxysilane group and can be immobilized chemically on the 
surface of a substrate or the surfaces of fine particles with a covalent bond. 
In such a self-assembling film, covalent bonds are formed between the 
constituent molecules and the substrate or the fine particles, which solves the 
problems in the practical use, the production and the durability. 

When the fine particles are made of metal, metal oxide, an 
amphoteric element, amphoteric element oxide, resin or a composite or a 
compound of a plurality of these materials, it is possible to form a structure 
comprising the fine particles bonded to a substrate that can meet the 
requirements for various functionalities. Specific examples of the 
amphoteric element, the amphoteric element oxide and the resin are the 
same as those that can be used as the substrate described below. 

When the substrate is made of metal, metal oxide, an amphoteric 
element (e.g., aluminum, tin, lead, chromium, zinc, silicon, etc), amphoteric 
element oxide (aluminum oxide, tin oxide, zinc oxide, silicon oxide, etc), resin 
(polyester resin, polycarbonate resin, fluororesin, polyimide resin, epoxy resin, 



etc.), or a composite (silicone carbide fiber composite resin, carbon fiber 
dispersed resin, glass filler dispersed resin, etc.) of a plurality of these 
materials, it is possible to form an alignment comprising fine particles bonded 
to the substrate that can meet the requirements for various functionalities. 

In the present invention, fine magnetic particles preferably are used. 
The "fine magnetic particles" refers to fine particles containing a magnetic 
element. The magnetic element includes 3d transition metals or rare earth 
elements in the periodic table, and for example, Fe, Co, Ni and the like are 
particularly preferable. 

Since ultraviolet rays, far infrared radiation, X-rays, or gamma rays 
can be used as energy rays, it is possible to use various functional groups to 
constitute the organic coating film. 

If plasma is used as energy rays, chemically reactive groups can be 
produced easily, so that it is possible to use various functional groups to 
constitute the organic coating film. 

FIGS. 27 and 28 show examples of binding between a monomolecular 
film formed on the fine particles and a monomolecular film formed on a 
substrate, and the examples also are shown below. 

(1) - amino group and - C1CO group reaction system 

(2) - hydroxyl group and - ROSi group reaction system 

(3) - benzyl group and - amino group reaction system 

(4) - benzyl group and - phenyl group reaction system 

(5) - aldehyde group and - amino group reaction system 

(6) - phenyl group and alkyl group reaction system 

(7) - phenyl group and C1CO group reaction system 

(8) - benzyl group and - benzaldehyde group reaction system 

(9) - isocyanate group and - amino group reaction system 

(10) - isocyanate group and - hydroxyl group reaction system 

(11) - epoxy group and - amino group reaction system 

(12) - carboxyl group and - hydroxyl group reaction system 

(13) - unsaturated binding group and - halogen group reaction system 

(14) - carboxyl group and - amino group reaction system 

In FIGS. 27 and 28, each of Ri and R2 is a group based on an alkyl 
chain having 1 to 30 carbon atoms, provided that Ri and R2 have a functional 
group (chlorosilane group, thiol group, isocyanate group, alkoxysilane group, 
or a group that forms a coordinate bond) that can be bonded to the substrate 
or the fine particles. Furthermore, the functional group may have an 
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unsaturated bond, a cyclic group (benzene ring, hetero ring, cyclo ring, 
monocyclic hydrocarbon group, polycyclic hydrocarbon group, etc.), or a 
necessary binding group for chemical synthesis (ester binding group, ether 
binding group, a binding group containing sulfur, a binding group containing 
nitrogen, etc.). Ri and R2 can be the same group or different groups. 

Magnetic recording is classified roughly into a perpendicular 
magnetic recording system and an in-plane magnetic recording system. The 
"perpendicular magnetic recording system" refers to a system for recording 
the magnetization of a medium in the direction perpendicular to the film 
plane, and the "in-plane magnetic recording system" refers to a system for 
recording magnetization in a direction to which a head slides in the film 
plane. At present, the in-plane magnetic recording system commonly is used, 
but as a future prospect, the perpendicular magnetic recording system will be 
more suitable for high-density recording. The magnetic recording medium of 
the present invention can be used as a medium either for perpendicular 
magnetic recording or in-plane magnetic recording. 

FIGS. 19A and 19B are cross-sectional views of examples of the 
magnetic recording medium of the present invention. FIG. 19A is an 
example of a medium for perpendicular recording, and FIG. 19B is an 
example of a medium for in-plane recording. In the magnetic recording 
medium of FIG. 19A, a soft magnetic thin film layer 203 is formed on a 
non-magnetic substrate 204 directly or via an underlying layer, and a 
magnetic recording layer 202 comprising fine magnetic particles 201 is 
formed thereon directly or on a suitable underlying layer. The magnetic 
recording layer 202 is formed of the fine magnetic particles 201 having an 
average particle diameter of, for example, 3 run or more and 50 nm or less, 
and a coating 205 that coats the fine magnetic particles 201. The coating 
205 serves to arrange the fine magnetic particles 201 at a constant interval. 
The coating 205 is made of an organic coating film shown in the present 
invention. The fine magnetic particles 201 are formed preferably of a 
material having a large uniaxial magnetic anisotropy constant Ku such as 
FePt, CoPt, FePd, MnAl, Co, Co-Pt, Sm-Co, and J?e-Nd-B, and more 
preferably, a Llo layer ordered alloy such as FePt and CoPt because of their 
particularly large Ku and excellent practical properties such as corrosion 
resistance. For example, Weller et al. describes magnetic materials suitable 
for high-density recording on page 10, IEEE Transactions on Magnetics, 
vol.36, No.l, the year 2000. 
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It is preferable that the size of the fine magnetic particle 201 is as 
small as possible for high-density recording. However, it is preferable that it 
is as large as possible from the viewpoint of thermal fluctuation. As 
described above, the magnetization of a material having a larger Ku is more 
stable against thermal fluctuation, even if the size of the particle is small. 
More specifically, the size of a fine magnetic particle preferably is 3 nm or 
more, and more preferably 4 nm or more. The upper limit of the size 
preferably is 50 nm or less, and more preferably 10 nm or less, even more 
preferably 8 nm or less. 

Most preferably, the number of fine particle layers is one layer in 
which fine particles are uniformly aligned, as shown in FIGS. 19A and 19B. 
However, two, three or a plurality of layers where aligned fine particles are 
accumulated can be used, as long as the fine particles are uniformly aligned. 

The soft magnetic thin film layer 203 preferably is formed of a 
material having a low magnetostriction and a small crystal magnetic 
anisotropy Either crystalline materials or amorphous materials can be used 
in the present invention. More specifically, metal materials such as Ni-Fe, 
Co-Nb-Zr, Fe-Ta-G, Co-Ta-Zr, and Fe-Al-Si or oxides such as ferrite can be 
used. The soft magnetic thin film layer 203 should have a thickness 
sufficient to prevent saturation of the soft magnetic film, and the thickness 
preferably is 100 nm or more, and more preferably 300 nm or more. The 
upper limit thereof preferably is 1 um or less in view of productivity and 
surface smoothness. 

The substrate 204 can be formed of a non-magnetic material such as 
aluminum, glass, and silicon. 

Next, a method for producing the magnetic recording medium of the 
present invention shown in FIG. 19A will be described. First, the soft 
magnetic thin film layer 203 is formed on a flat non-magnetic substrate 204 
directly or via an underlying layer. The soft magnetic thin film layer 203 
can be formed by a liquid phase method, plating, a vapor phase rapid 
quenching method or the like. Among these, a vapor phase rapid quenching 
method is advantageous. Examples of the vapor phase rapid quenching 
method include CVD, sputtering, and vacuum deposition, and among these, 
sputtering is particularly preferable. For ultrahigh-density recording, the 
smoothness of the medium is important, so that it is advantageous to treat 
the surface of the produced soft magnetic thin film with ion beams, cluster 
ion beams or the like in order to improve the smoothness. 
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An organic coating nlm is formed on the thus formed soft magnetic 
thin film according to a method for forming a structure made of fine particles 
of the present invention. 

Furthermore, a protective layer 206 is formed on the magnetic 
5 recording layer 202. The protective layer 206 can be formed of, for example, 
a diamond-like carbon film (DLC film) as a solid protective layer, and a liquid 
lubricant is applied thereto, if necessary. 

After or before the protective layer 206 is formed, it is more preferable 
that a heat treatment is performed on the magnetic recording medium at a 
10 high temperature in a magnetic field. Especially, in the system of FePT, 
jg CoPt or the like, a heat treatment allows the medium to be ordered, thus 

p generating a coercive force. The temperature for the heat treatment 

U1 preferably is 500°C or more, and more preferably 550°C or more. When the 

j=p temperature is too high, the coercive force becomes too large, the 

£H 15 characteristics of the soft magnetic film are deteriorated, or other problems 
^ may be caused. Therefore, the temperature preferably is 700°C or less, and 

s 

p more preferably 650°C or less. During the heat treatment, a magnetic field 

M= of 5 kOe or more, preferably 10 kOe or more is applied to the direction 

perpendicular to the film plane. When the magnetic field exceeds 15 kOe, a 
O 20 large apparatus is required to apply the magnetic field, so that the magnetic 
f field preferably is limited to 15 kOe or less, more preferably 12 kOe or less. 

This magnetic field during the heat treatment can provide the fine particles 
with magnetic anisotropy to a specific direction. In the case of the present 
invention, the soft magnetic underlying film is formed under the fine 
25 magnetic particles. This soft magnetic film is magnetized to the direction 
perpendicular to the film plane by an external strong magnetic field, and a 
strong magnetic field is applied to the fine magnetic particles by the 
magnetized soft magnetic film, so that the fine magnetic particles are 
provided easily with stronger perpendicular magnetic anisotropy. A 
30 relatively thick soft magnetic thin film layer 203, as described above, is 
advantageous for providing perpendicular magnetic anisotropy to the fine 
magnetic particles 201. In order to provide anisotropy to the soft magnetic 
thin film layer, another heat treatment can be at a low temperature and a low 
magnetic field after the heat treatment to provide anisotropy to the soft 
35 magnetic film again. 

FIG. 19B shows an example of the structure of the magnetic 
recording medium of the present invention used as an in-plane recording 
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medium. Unlike the case of the perpendicular magnetic recording medium, 
the soft magnetic underlying film is not necessary in the case of the in-plane 
recording medium. 

As shown in FIG. 24, an example of a magnetoresistive device of the 
present invention includes electrodes 402 on the fine magnetic particles 401 
dispersed uniformly on a substrate. The fine particles 401 are coated with 
an organic coating film so as to be spaced away with a suitable interval. In 
this device, when a suitable voltage is applied between the two electrodes, a 
current tunneling the coating via the islands of the conductive fine particles 
flows. This current is changed with the direction of the magnetization of the 
magnetic substance, so that a so-called magnetoresistance effect occurs. 
Unless the sizes of the fine particles, the dispersion state thereof, the number 
of laminated particles or the like are constant, the tunnel resistance or the 
magnetoresistance change ratio varies, so that a device having stable 
characteristics cannot be obtained. If the fine particles are dispersed on a 
substrate by the method of the present invention, the thickness of the fine 
particle layer can be controlled and the dispersion of the fine particles also 
can be controlled, and therefore, a magnetoresistive device having good 
characteristics can be produced. 

A magnetic head can be produced with the magnetoresistive device of 
the present invention. FIG. 25 shows a shield type magnetic head as an 
example of the magnetic head of the present invention. In the shield type 
head, the magnetoresistive device 411 picks up a flux directly from the 
medium, so that it has a high sensitivity. On the other hand, since the 
magnetoresistive device is exposed to the surface, the wear resistance is 
poorer than that of a yoke type head. The magnetoresistive device 411 is 
interposed between a lower shield 410 and a common shield 413 via an 
insulating layer. A lead (electrode) 412 allows a current to flow through the 
magnetoresistive device portion. A portion lower than the common shield 
413 is a reproducing head portion, and an upper portion is a recording head 
portion. Reference numeral 414 denotes the upper magnetic pole of the 
recording head, and the common shield 413, which is the upper shield of the 
reproducing head, is the lower magnetic pole of the recording head. 
Reference numeral 415 is a coil for generating a magnetic field to the 
recording head, and reference numeral 416 denotes a recording core width. 
Therefore, FIG. 25 shows a so-called merge type thin film head, which is 
provided with both the recording portion and the reproducing portion. 
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FIG. 26 is a perspective view of a yoke type MR head of the present 
invention. In this yoke type head, a magnetic gap 422 is formed on a 
substrate 420, which also serves as a lower yoke, and a magnetoresistive 
device 421 is formed in a part of the surface of the magnetic gap 422 in a 
stripe. Electrodes (leads) 425 are connected to both ends of the 
magnetoresistive device 421. The leads 425 allow a sense current to flow in 
the magnetoresistive device. This sense current allows a resistance change 
in the magnetoresistive device to be detected as a signal voltage change. 

An upper front yoke 423 and an upper back yoke 424 are formed on 
the upper surface of the magnetoresistive device 421 via an insulating layer 
(not shown). The upper front yoke 423 and the upper back yoke 424 are 
formed so as to be opposed to each other with a predetermined distance on 
the magnetoresistive device and straddle the magnetic gap 422 and the 
magnetoresistive device 421. The upper front yoke 423 and the upper back 
yoke 424 form a magnetic path for efficiently guiding a signal magnetic flux 
coming from a recording medium to the magnetoresistive device 421. It 
should be noted that FIG. 26 only shows the reproducing head portion, unlike 
FIG. 25. Therefore, in an actual magnetic head, a recording head portion is 
formed in combination with the portion of FIG. 26, or a discrete recording 
head is used. 

It is preferable to form the substrate 420 with an oxide magnetic 
substance. Suitable examples of the substrate material include nickel zinc 
(NiZn) ferrite and manganese zinc (MnZn) ferrite. The magnetic gap 422 
preferably is a non-magnetic film made of silicon dioxide (Si02), alumina 
(AI2O3), aluminum nitride (A1N) or the like. The upper front yoke 423 and 
the upper back 424 are preferably soft magnetic films made of, for example, 
nickel iron (NiFe), cobalt (Co) based amorphous materials, and sendust 
(FeAISi). Alternatively, a laminate of a soft magnetic film and a 
non-magnetic film is advantageously used. The lead 425 is formed 
preferably of metal such as gold (Au), copper (Cu), aluminum (Al), and 
tantalum (Ta), or an alloy thereof or a laminate thereof. 

The case where the magnetoresistive device is usod as a magnetic 
head has been described above, but the magnetoresistive device also can be 
applied as a spin transistor or a magnetic memory (MRAM (magnetic random 
access memory)). 

The recording head used in the magnetic recording/reproducing 
apparatus of the present invention can be a ring type head, a single magnetic 
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pole type head or the like. For in-plane recording, a ring type head is 
advantageous, and for perpendicular recording, a single magnetic pole type 
head is advantageous. 

As a reproducing head (reproducing portion of a magnetic head), a 
5 MR head (magnetoresistive head) utilizing a magnetoresistance change is 

used widely at present. In particular, a GMR head (also referred to as a spin 
valve head) utilizing a giant magnetoresistance (GMR) effect is becoming the 
main stream. However, this also is reaching the limit, and thus for 
recording density exceeding 100 Gbit/in 2 , a TMR (tunneling 
10 magnetoresistance) head utilizing the tunnel effect or a CPP-GMR (current 
p perpendicular to the plane) head are more likely to be used. The 

p above -de scribed magnetic head using the magnetoresistive device of the 

VI present invention is a TMR head. 

[I FIGS. 20A and 20B are a plan view and a side view, respectively, of a 

Ch 15 magnetic recording/reproducing apparatus 110 using the magnetic recording 
^ medium of an embodiment of the present invention. 

p The hard disk apparatus 110 includes a magnetic recording medium 

^ (magnetic disk in this case) 116 described in this embodiment of the present 

[y invention and a disk driving motor 112 for driving a disk. A magnetic head 

O 20 including a recording portion such as a single magnetic pole head and a 
^ reproducing portion is attached to a slider 120 and includes a head 

supporting mechanism 130 for supporting the slider and an actuator 114 for 
tracking the magnetic head via the head supporting mechanism 130. The 
head supporting mechanism 130 includes an arm 122 and a suspension 124. 
25 The disk driving motor 112 rotates and drives the disk 116 at a 

predetermined speed. The actuator 114 lets the slider 120 carrying the 
magnetic head move in the radial direction across the surface of the disk 116 
so that the magnetic head can access a predetermined data track of the disk 
116. The actuator 114 is typically a linear or rotational voice coil motor. In 
30 recent years, in order to further increase the precision of the positioning of 
the magnetic head, for example, a two-stage actuator that can drive the 
suspension has been under developed. These types of app?~ratuses can be 
used in the present invention. 

The slider 120 carrying the magnetic head is, for example, an air 
35 bearing slider. In this case, the slider 120 is brought in to contact with the 
surface of the disk 116 at the time of the start and stop operations of the 
magnetic recording/reproducing apparatus 110. In order to prevent a 
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friction from being generated between the disk and the slider, a load and 
unload mechanism that holds the slider in a portion other than portions 
above the disk during the stop of the apparatus is in practical use. The 
slider 120 is held above the surface of the disk 116 by an air bearing formed 
between the rotating disk 116 and the slider 120 during the information 
recording/reproducing operation of the magnetic recording/reproducing 
apparatus 110. The magnetic head carried by the slider 120 
records/reproduces information on/from the disk 116. 

When producing a semiconductor device, it is preferable that the 
substrate is formed of Si. A Si02 film, which is a high quality insulating film, 
can be formed easily on a Si substrate, and a semiconductor process for high 
miniaturization can be used. In addition, a compound semiconductor can be 
used. 

As the fine particles to produce a semiconductor device, metal or 
semiconductor fine particles are suitable. 

When the fine particles are made of gold, platinum or silver, a 
colloidal solution in which the particle size is highly controlled can be 
produced easily, so that fine particles having uniform particle sizes can be 
formed. 

When the fine particles are made of an alloy, it is easy to form fine 
particles having uniform particle sizes. Preferable examples thereof include 
alloys such as FePt and CoPt. 

It is preferable that the fine particles are made of platinum, tungsten, 
iron, cobalt, titanium or an alloy of these metals, because a constituent 
element of the fine particles can be suppressed from being diffused into a 
semiconductor during the process of the semiconductor device. 

It is advantageous that the fine particles are made of silicon, SiC, 
GaAs, ZnSe, ZnS, ZnTe, CdSe, CdS or CdTe, because fine particles serving as 
semiconductor quantum dots can be formed in the semiconductor device. 
When a semiconductor material having a mixed crystal composition of these 
semiconductor materials is used, fine particles with a controlled forbidden 
band in a wide range can be formed. - 

It is preferable that the fine particles have a particle diameter of 0.5 
nm or more and 10 nm or less, because the quantum dot function and the 
coulomb blockade function can be enhanced. 

FIG. 29 is a cross-sectional view of a magnetic recording medium of 
the present invention. In the magnetic recording medium of the present 
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invention, a soft magnetic thin film layer 503 is formed on a non-magnetic 
substrate 504 directly or via an underlying layer, and a magnetic recording 
layer 502 made of a fine magnetic particle 501 is formed thereon. The 
magnetic recording layer 502 is formed of the fine magnetic particles 501 
having an average particle diameter of 3 nm or more and 50 nm or less, and a 
coating 505 that coats the fine magnetic particles 501. The coating 505 
serves to arrange the fine magnetic particles 501 at a constant interval. The 
coating 505 can be made of any non -magnetic material, for example, a 
diamond-like carbon. The fine magnetic particles 501 are formed preferably 
of a material having a large uniaxial magnetic anisotropy constant Ku such 
as FePt, CoPt, FePd, MnAl, Co, Co-Pt, Sm-Co, and Fe-Nd-B, and more 
preferably, a Llo layer ordered alloy such as FePt and CoPt because of their 
particularly large Ku and excellent practical properties such as corrosion 
resistance. For example, Weller et al. describes magnetic materials suitable 
for high-density recording on page 10, IEEE Transactions on Magnetics, 
vol.36, No.l, the year 2000. 

It is preferable that the size of the fine magnetic particle 501 is as 
small as possible for high-density recording. However, it is preferable that it 
is as large as possible from the viewpoint of thermal fluctuation. As 
described above, the magnetization of a material having a larger Ku is more 
stable against thermal fluctuation, even if the size of the particle is small. 
More specifically, the size of a fine magnetic particle preferably is 3 nm or 
more, and more preferably 4 nm or more. The upper limit of the size 
preferably is 50 nm or less, and more preferably 10 nm or less, even more 
preferably 8 nm or less. 

The number of fine particle layers most preferably is one layer in 
which fine particles are uniformly aligned, as shown in FIG. 29. However, 
two, three or more layers where aligned fine particles are accumulated can be 
used, as long as the fine particles are uniformly aligned. 

The soft magnetic thin film layer 503 preferably is formed of a 
material having a low magnetostriction and a small crystal magnetic 
anisotropy. Crystalline materials and amorphous materials can-be used in 
the present invention. More specifically, metal materials such as Ni-Fe, 
Co-Nb-Zr, Fe-Ta-C, Co-Ta-Zr, and Fe-Al-Si or oxides such as ferrite can be 
used. The soft magnetic thin film layer 503 should have a thickness 
sufficient to prevent saturation of the soft magnetic film, and the thickness 
preferably is 100 nm or more, and more preferably 300 nm or more. The 
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upper limit thereof preferably is 1 um or less in view of productivity and 
surface smoothness. 

The substrate 504 can be formed of a non-magnetic material such as 
aluminum, glass, and silicon. 

Next, a first method for producing the magnetic recording medium of 
the present invention will be described with reference to FIG. 30. First, a 
soft magnetic thin film layer 503 is formed on a flat non-magnetic substrate 
504 directly or via an underlying layer. The soft magnetic thin film layer 
503 can be formed by a liquid phase method, plating, a vapor phase rapid 
quenching method or the like. 

Among these, a vapor phase rapid quenching method is advantageous. 
Examples of the vapor phase rapid quenching method include CVD, 
sputtering, and vacuum deposition, and among these, sputtering is 
particularly preferable. 

For ultrahigh-density recording, the smoothness of the medium is 
important, so that it is advantageous to treat the surface of the produced soft 
magnetic thin film with ion beams, cluster ion beams or the like in order to 
improve the smoothness. 

Fine particles whose surfaces are coated with an organic coating film 
are applied onto the thus formed soft magnetic thin film. Since the organic 
coating film is a monomolecular film or a polymerized film formed using a 
monomolecular film as the starting material, it is possible to control the 
interval between the fine particles. The monomolecular film is a 
self-assembling film and is formed of molecules having a chemically reactive 
group such as a thiol group, a chlorosilane group, a coordinate binding group, 
an isocyanate group, and an alkoxysilane group, so that an organic coating 
film can be formed in accordance with the material of the fine particles. 

The fine particles can be coated with the organic coating film in the 
following manner, for example. A 0.01 mol/L hexane solution is prepared by 
adding a chlorosilane compound having a phenyl group as its end functional 
group to 100 mL of hexane as a non-aqueous inert solvent in a dry 
atmosphere, and then 100 mg of fine magnetic particles are added to the 
solution, and the solution is stirred sufficiently. A half hour later, the 
hexane solvent and unreacted chlorosilane compounds are separated from the 
fine magnetic particles in the dry atmosphere, so that a monomolecular film 
comprising chlorosilane compounds is formed on the surfaces of the fine 
magnetic particles. 
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It is advantageous to irradiate the organic coating film with energy 
rays so as to produce chemically reactive groups in the organic coating film. 

Since ultraviolet rays, far infrared radiation, X-rays, or gamma rays 
can be used as the energy rays, it is possible to use various functional groups 
to constitute the organic coating film. 

If plasma is used as the energy rays, chemically reactive groups can 
be produced easily, so that it is possible to use various functional groups to 
constitute the organic coating film. 

In general, a protective layer is formed on the magnetic recording 
layer 502. The protective layer commonly is formed of a diamond-like 
carbon film (DLC film) as a solid protective layer, and a liquid lubricant 
commonly is applied thereto. 

Next, a method for controlling the crystal orientation of the fine 
particles of the present invention will be described. 

Examples of a compound having the ordered layer Llo structure 
include FePd, FePt, CoPt, and MnAl. Among these, in alloy systems such as 
FePd, FePt, and CoPt, when the composition is about 1:1, the ordered layer is 
a stable layer at room temperature, and the random layer is a metastable 
layer. In general, the magnetic characteristics such as magnetic anisotropy 
and coercive force are sensitive to the crystal structure, and the magnetic 
characteristics are affected by whether it is an ordered layer or a random 
layer. In general, the ordered layer tends to have larger magnetic anisotropy 
and a higher Curie temperature. However, in the chemical synthesis 
method or the thin film synthesis method or in the method of forming in bulk 
by rapid quenching from a high temperature, as shown in the examples of the 
present invention, it is likely that a random layer is formed. It is possible to 
obtain an ordered layer from the random layer by a heat treatment (forging), 
and the inventors of the present invention found that the orientation of 
ordering can be controlled and the direction of the magnetic anisotropy can be 
controlled by performing the heat treatment by a special method. 

It conventionally has been known that in bulk crystal, when a FePd 
alloy having a Llo ordered layer is heated to a temperature of the Curie 
temperature or more while a ferromagnetic field is applied, the magnetic 
anisotropy can be oriented to the direction in which the magnetic field is 
applied (Katsushi Tanaka, MATERIA, the year 2000, vol. 40, No. 6, pp. 
564-567). The inventors of the present invention found that the magnetic 
anisotropy of samples of fine particles of FePt, CoPt, and FePt can be 
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controlled by performing a heat treatment in a magnetic field. In addition, it 
was found that as the magnetic field applied at that time, a magnetic field 
much lower than that for bulk crystal is effective. This seems to be because 
in general, in the bulk crystal, strain generated by transformation from a 
random layer to an ordered layer inhibits the growth of a specific variant, but 
in the fine particles having a size of 3 to 50 nm, the strain can be relaxed 
easily. 

Table 1 shows the ordering temperature of an alloy having a Llo 
ordered layer and the Curie temperature of the ordered layer (temperature at 
which a ferromagnetic substance loses its magnetic order) (Klemmer et al. 
Scripta Metallugica et materialia, vol. 33, Nos. 10/11, ppl793-1805, 1995 
and others). It should be noted that these characteristics may be changed 
depending on the composition (the composition of an ordered alloy is about 
1:1, but a small deviation results in the same crystal structure), so that the 
values shown in Table 1 are approximate. 

Table 1 



Fine particles 


Ordering Temperature (°C) 


Curie temperature (°C ) 


FePd 


700 


490 


FePt 


1300 


480 


CoPt 


825 


570 



The optimal temperature for ordering the fine particles preferably is a 
temperature of about the Curie temperature (Tc) or more, and more 
preferably Tc + 10°C or more. The upper limit preferably is Tc + 200°C or 
less, more preferably Tc + 100°C or less, and even more preferably Tc + 50°C 
or less. 

The magnetic field to be applied preferably is 1 kOe or more, more 
preferably 5 kOe or more, and even more preferably 10 kOe or more. It is 
difficult to achieve an excessively high magnetic field for practical reason, so 
that it is preferably 20 kOe or less, more preferably 15 kOe or less. 

In a method for producing the magnetic recording medium of the 
present invention, it is preferable to perform a heat treatment at a 
temperature of the Curie temperature or more in a magnetic field in the same 
manner as the method for ordering the crystal orientation of the fine 
particles. 

A medium having a magnetic anisotropy in the direction 
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perpendicular to the film plane can be produced by applying a magnetic field 
in the direction perpendicular to the film plane. 

In the method for producing the second or fifth magnetic recording 
media of the present invention, a soft magnetic underlying film is formed 
under the fine magnetic particles. This soft magnetic film is magnetized to 
the direction perpendicular to the film plane by an external strong magnetic 
field, and a strong magnetic field is applied to the fine magnetic particles by 
the magnetized soft magnetic film, so that the fine magnetic particles 1 are 
provided easily with strong perpendicular magnetic anisotropy with a weak 
magnetic field. A relatively thick soft magnetic thin film layer 3, as 
described above, is advantageous for providing perpendicular magnetic 
anisotropy to the fine magnetic particles 1. In order to provide appropriate 
anisotropy to the soft magnetic thin film layer, another heat treatment can be 
at a low temperature and a low magnetic field after the heat treatment to 
provide anisotropy to the soft magnetic film again. 

As the magnetic head for recording the magnetic recording medium of 
the present invention, a single magnetic pole head shown in FIG. 32 
preferably is used. In a single magnetic pole head 520, current 510 flows 
through a coil 522, so that a magnetic field (magnetic flux) 511 is generated 
from a magnetic pole 521 from the soft magnetic substance. The magnetic 
field generated from the single magnetic pole head 520 has a strong 
component in the direction perpendicular to the film plane of the magnetic 
field in the magnetic recording layer 502, unlike a conventional ring head, so 
that it is suitable for the magnetic recording medium of the present invention. 
In this case, if the magnetic recording layer has a perpendicular magnetic 
anisotropy, magnetic recording/reproduction can be performed more 
effectively. The magnetic flux 511 comes out from the magnetic pole 521 and 
passes through the magnetic recording layer 502 and flows through the soft 
magnetic thin film layer 503. 

The single magnetic pole head has an open magnetic path structure. 
In order to improve it, a single pole head provided with a return yoke 523 as 
shown in FIG. 33 is proposed. In this case, the cross-section area of the - 
return yoke 523 is wider than that of the magnetic pole 521, so that the 
magnetic flux density is smaller, and therefore it is little possible that the 
return yoke rewrites the magnetization of the recording layer. Using the 
single magnetic pole head using the return yoke, information can be 
magnetically recorded more effectively in the magnetic recording medium of 
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the present invention. 

As a reproducing head, (a reproducing portion of a magnetic head), a 
MR head (magne tore si stive head) utilizing a magnetoresistance change is 
widely used at present. In particular, a GMR head (also referred to as a spin 
valve head) utilizing a giant magnetoresistance (GMR) effect is becoming the 
main stream. However, this also is reaching the limit, and thus for 
recording density exceeding 100 Gbit/in 2 , a TMR (tunneling 
magnetoresistance) head utilizing the tunnel effect or a CPP-GMR (current 
perpendicular to the plane) head is more likely to be used. 

In the present invention, convexities and concavities are formed on a 
substrate, using a regular lithography technique. The fine particles coated 
with an organic coating film are applied to the substrate provided with 
convexities and concavities. FIGS. 34A and 34B schematically show the 
state of a concave portion (a groove portion of the formed convexities and 
concavities) in this case. FIG. 34A is a view of the substrate when viewed 
from above, and FIG. 34B is a side view taken along line I-I. The width of 
the groove formed by lithography is at most several tens of nm, and generally 
100 nm or more, which is sufficiently larger than that of the fine particles 
discussed herein (1 to 50 nm) so that more fine particles can be 
accommodated in one groove. The organic coating film 602 serves to keep 
the interval between the fine particles constant and keep the distance 
between the substrate and the fine particles constant by being attached to the 
fine particles 601. If this function of the organic coating film is utilized for 
the side of the groove, the fine particles can be aligned at a constant interval 
from the side by selecting an appropriate condition, when the fine particles 
are accommodated in a groove having a certain size as shown in FIGS. 34A 
and 34B. In other words, it is possible to align the fine particles along the 
side of the groove 

The size of the fine particles used herein is about 1 nm to 50 nm, 
more preferably 3 nm to lOnm. At present, the size of the groove that can be 
formed by regular lithography is generally about 100 nm, as described above. 
The method of the present invention makes it possible to perform ^ 
microprocessing of a medium level by lithography and arrangement of further 
finer particles of a nanometer scale by the self-assembly of the fine particles. 
Therefore, the present invention is advantageous even if the particle size of 
the fine particles is almost equal to the line width of lithography 
(corresponding to the cycle of the convexities and concavities, the width or the 
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length of a groove), but the advantages of the present invention cannot be 
exhibited fully. In general, it is more advantageous when the cycle of the 
convexities and concavities preferably is five times larger than the diameter 
of the fine particles, and more preferably 10 times larger. On the other hand, 
when the cycle of the convexities and the concavities is too large, relative to 
the diameter of the fine particles, it is difficult to align the fine particles along 
the convexities and the concavities. Therefore, the cycle of the convexities 
and concavities preferably is not more than 1000 times, more preferably not 
more than 100 times, and most preferably not more than 30 times larger than 
the diameter of the fine particles. 

It is preferable that the depth of the groove to be formed is at least 1/3 
of the diameter of the fine particles. If it is smaller than that, it is difficult 
to align the fine particle along the groove. More preferably, the depth is 
equal to or more than the diameter of the fine particles. To align the fine 
particles in the groove, the upper limit of the depth of the groove is not more 
than 10 times, preferably not more than 5 times larger than the diameter of 
the fine particles, and not more than twice in some applications. For 
example, when the present invention is used for a magnetic recording 
medium and the groove is too deep, the protruded portion is more likely to 
collide with the tip of the head, so that it is preferable that the depth is 
limited to be within the diameter of the fine particles. 

In other words, the conventional method for aligning the fine 
particles cannot control the alignment direction of the fine particles, even if 
self-assembly is utilized. The method of the present invention can control it 
by combining self-assembly and lithography. 

There is no limitation regarding the technique of forming the 
convexities and concavities by lithography, as long as it can form a desired 
shape. FIGS. 36A to 36D show an example thereof. 

Referring to FIG. 36A, first an organic resist film 621 is formed on a 
substrate 620, and then is exposed to light with a mask produced according to 
a desired pattern so that a part of the resist is exposed. Then, when the 
exposed portion or non-exposed portion of the resist is removed, a resist 
pattern as shown in FIG. 36B is formed. Thereafter, for example, an Au film 
622 is deposited to a predetermined thickness (FIG. 36C), and the remaining 
resist pattern is removed, so that a protruded portion made of the Au film is 
formed (FIG. 36D). Thus, a minute concave portion is formed, so that fine 
particles 601 coated with a coating film 602 as shown in FIGS. 34A and 34B 
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are aligned. 

In general, such formation of the organic coating film on the substrate, 
which is a pre-treatment to the substrate, can be performed only in the 
concave portion. In the case of the formation of convexities and concavities 
by the approach as shown in Figure 36, the convex portion is made of an Au 
film and the concave portion is made of the original substrate material. 
Thus, the materials are different, and therefore the fine particles can be 
formed only in the concave portion by forming an organic coating film that 
selectively reacts only with the concave portion. 

On the other hand, for some intended use, the concave portion and 
the convex portion can be formed of the same material, and the organic 
coating film can be formed both in the concave portion and the convex portion. 
In this case, the fine particles are aligned not only in the concave portion, but 
also in the convex portion. The alignment of the fine particles in the convex 
portion is along the pattern shape to some extent, although not as much as in 
the concave portion. The cause is not clear at the moment, but this seems to 
be caused by the fact that the interaction to the organic coating film attached 
to the fine particles in the end portion of the convex portion is different from 
that in the central portion thereof. 

In order to form the concave portion and the convex portion with the 
same material, for example, if an Au layer is formed before applying a resist 
on the substrate in the method of Figure 3, the concave portion and the 
convex portion can be formed of the Au layer. 

As the fine particles, metal, semiconductor, metal oxide or the like can 
be used. For metal, precious metals such as Au, Ag, and Pt or alloys thereof 
and other various metals can be used. 

As the substrate, any substrate that can have a smooth surface can be 
used and it is not limited to semiconductor, metal, or glass substrates. More 
specifically, Si, GaAs, Al, AlTiC substrates or various others can be used. 

When producing a magnetic recording medium for use in a hard disk 
apparatus by this method for producing the fine particles, in the patterning 
.by lithography, it is preferable to form a concave and convex pattern 611 
along the circumference on the circumference of a disk substrate 610, as 
shown in Figure 35. Thereafter, the fine particles are dispersed on the 
substrate, so that the fine particles can be aligned along the circumference. 
Although only three grooves that are formed by lithography are shown in 
Figure 35, for actual magnetic disks, a substrate with a diameter of 1 inch, 



25 



1.8 inches, 2.5 inches, or 3.5 inches is used, and concavities and convexities 
are formed with an interval of 100 nm or more in view of the limitation of 
lithography as described above. 

Figure 29 shows an example of the structure of a magnetic recording 
medium with the thus formed concavities and convexities. In Figure 29, a 
soft magnetic thin film layer 503 is formed on a non-magnetic substrate 504 
directly or via an underlying layer, and on top of that, a magnetic recording 
layer 502 made of the fine particles 501 is formed. The magnetic recording 
layer 502 includes fine magnetic particles 501 with a diameter of 3 nm or 
more and 50 nm or less and a coating 505 that coats the fine magnetic 
particles 501. The coating 505 serves to arrange the magnetic particles at a 
constant interval. The coating 505 is an organic coating film. The fine 
magnetic particles 501 are formed preferably of a material having a large 
uniaxial magnetic anisotropy constant Ku such as FePt, CoPt, FePd, MnAl, 
Co, Co-Pt, Sm-Co, and Fe-Nd-B, and more preferably, a Llo layer ordered 
alloy such as FePt and CoPt because of their particularly large Ku and 
excellent practical properties such as corrosion resistance. It is preferable 
that the size of the fine magnetic particle 501 is as small as possible for 
high-density recording. However, it is preferable that it is as large as 
possible from the viewpoint of thermal fluctuation. As described above, the 
magnetization of a material having a larger Ku is more stable against 
thermal fluctuation, even if the size of the particle is small. More specifically, 
the size of a fine magnetic particle preferably is 3 nm or more, and more 
preferably 4 nm or more. The upper limit of the size preferably is 50 nm or 
less, and more preferably 10 nm or less, even more preferably 8 nm or less. 

Most preferably, the number of fine particle layers is one layer in 
which fine particles are uniformly aligned. However, two, three or a 
plurality of layers where fine particles are aligned can be used, as long as the 
fine particles are uniformly aligned. 

The soft magnetic thin film layer 503 preferably is formed of a 
material having a low magnetostriction and a small crystal magnetic 
anisotropy. Either crystalline materials or amorphous materials can be used 
in the present invention. More specifically, metal materials such as Ni-Fe, 
Co-Nb-Zr, Fe-Ta-C, Co-Ta-Zr, and Fe-Al-Si or oxides such as ferrite can be 
used. As the soft magnetic thin film layer 503, a thickness sufficient to 
prevent saturation of the soft magnetic film is required, and the thickness 
preferably is 100 nm or more, and more preferably 300 nm or more. The 
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upper limit thereof preferably is 1 um or less in view of productivity and 
surface smoothness. 

The substrate 504 can be formed of a non-magnetic material such as 
aluminum and glass. 

In general, a protective layer is formed on the magnetic recording 
layer 502. In many cases, the protective layer is formed of a diamond-like 
carbon film (DLC film) as a solid protective layer, and a liquid lubricant 
further is applied thereto. 

It is more preferable that a heat treatment is performed to the thus 
produced magnetic recording medium at a high temperature. Especially, in 
the system of FePT, CoPt or the like, a heat treatment allows the medium to 
be ordered, thus generating a coercive force. The temperature for the heat 
treatment preferably is 500°C or more, and more preferably 550°C or more. 
When the temperature is too high, the coercive force becomes too large, the 
characteristics of the soft magnetic film are deteriorated, or other problems 
may be caused. Therefore, the temperature preferably is 700°C or less, and 
more preferably 600°C or less. During the heat treatment, a magnetic field 
of 5 kOe or more, preferably 10 kOe or more is applied to the direction 
perpendicular to the film plane. When the magnetic field is 15 kOe or more, 
a large apparatus is required to apply the magnetic field, so that the 
magnetic field preferably is limited to 15 kOe or less, more preferably 12 kOe 
or less. This magnetic field during the heat treatment can provide the fine 
particles with magnetic anisotropy to a specific direction. In the case of the 
present invention, the soft magnetic underlying film is formed under the fine 
magnetic particles 501. This soft magnetic film is magnetized to the 
direction perpendicular to the film plane by an external strong magnetic field, 
and a strong magnetic field is applied to the fine magnetic particles 501 by 
the magnetized soft magnetic film, so that the fine magnetic particles are 
likely to be provided with stronger perpendicular magnetic anisotropy. A 
relatively thick soft magnetic thin film layer 503 is advantageous for 
providing perpendicular magnetic anisotropy to the fine magnetic particles 
501 f .as described above. In order to provide suitable anisotropy to the soft 
magnetic thin film layer, another heat treatment can be at a low temperature 
and a low magnetic field after the heat treatment to provide anisotropy to the 
soft magnetic film again. 

As described above, the present invention allows the fine particles to 
be immobilized on the substrate, and significantly improves the productivity, 
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the durability and the practical properties. Furthermore, the present 
invention allows formation of a pattern specifying a function that may be 
required in the future. These effects have a large industrial value. A 
typical example thereof is a magnetic disk. If a magnetic disk is formed by 
the method of the present invention, the magnetic disk has a controlled 
thickness of the layer made of the fine magnetic particles and a controlled 
alignment pattern, so that a medium that allows high-density 
recording/reproduction can be obtained. 

Hereinafter, specific examples of the present invention will be 
described with reference to the accompanying drawings. 

Example 1 

This example will be described with reference to FIGS. lAto 1C, FIG. 
2A to 2C and FIG. 3A and 3B. 

A 0.01 mol/L hexane solution was prepared by adding a chlorosilane 
compound (benzyl trichlorosilane (CeHs-Crk-SiCls)) having a phenyl group as 
its end functional group to 100 mL of hexane as a non-aqueous inert solvent 
in a dry atmosphere, and then 100 mg of fine magnetic particles (Feo.52Pto.48 
(the composition is expressed by the atomic ratio) having an average particle 
diameter of 5 nm) 1 were added to the solution, and the solution was stirred 
sufficiently. A half hour later, the solution was immersed in dry chloroform 
in the dry atmosphere for washing, so that the hexane solvent and unreacted 
chlorosilane compounds were separated. This operation caused a 
dehy dechlorination reaction as shown in chemical formula (1) between 
hydroxyl groups (-OH) present on the surfaces of the fine magnetic particles 1 
and the chlorosilane compounds, so that a monomolecular film 2 was formed 
(FIGS. lAto 1C). 

C 6 H 5 -CH2-SiCl3 + HO-fine particles -> C 6 H5-CH 2 -Si(-0-)3 fine particles ( 1 ) 

FIG. lAis a cross-sectional view of the fine magnetic particle 1. FIG. 
IB is a cross-sectional view of the fine magnetic particle 1 whose surfaces are 
coated with the monomolecular film 2. FIG. 1C is an enlarged 
cross-sectional view of a part of A of FIG. IB. 

On the other hand, a monomolecular film was formed on a substrate 3. 
First, a solvent of hexadecane and chloroform having a volume ratio of 4:1 
was prepared in a dry atmosphere, and a chlorosilane compound 
(chloromethyl phenyl ethyl trichlorosilane (CH 2 Cl-C 6 H4-(CH 2 )2-SiCl3)) having 
a CH2CI group as its end functional group was added to 100 mL of the solvent 
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so that 0.01 mol/L of hexade cane/chloroform mixed solution was prepared. 
Then, 20 mL of this solution was removed in a dry atmosphere and the silicon 
substrate 3 was immersed in the solution, which was stirred mildly. A half 
hour later, the substrate was removed from the mixed solution in a dry 
atmosphere, and the substrate was immersed in dry chloroform for washing 
in a dry atmosphere. Thereafter, the substrate 3 was taken out. 

This operation caused a dehydrochlorination reaction as shown in 
chemical formula (2) between hydroxyl groups (-OH) present on the surface of 
the silicon substrate 3 and the chlorosilane compounds, so that a 
monomolecular film 4 was formed (FIGS. 2A to 2C). 
CH 2 Cl-C6H 4 -(CH2)2-SiCl3 + HO-substrate -► 

.CH2Cl-C 6 H4-(CH 2 )2-Si(-0-)3 substrate (2) 

FIG. 2Ais a cross-sectional view of the silicon substrate 3. FIG. 2B 
is a cross-sectional view of the silicon substrate 3 whose surface is coated 
with the monomolecular film 4. FIG. 2C is an enlarged cross-sectional view 
of a part of B of FIG. 2B. 

Then, an operation for allowing the surface of the substrate to carry 
the fine magnetic particles was performed. A solution of the fine magnetic 
particles coated with the monomolecular film dispersed in chloroform was 
prepared. The concentration can be selected as appropriate, and in this case, 
100 mg were used with respect to 50 mL of chloroform. A micro reaction 
vessel containing the substrate was placed in an oil bath, and the chloroform 
solution was dropped in several portions on the substrate with a dropping 
pipette, so that the substrate surface was wet with the chloroform solution. 
Furthermore, a small amount of aluminum chloride was added to thereto, 
and the solution and stirred with a stirrer. The temperature of the oil bath 
was raised and set to about 120°C, and heated. Since chloroform on the 
substrate would be vaporized readily, in order to suppress it, a quenching 
tube was provided in the micro reaction vessel to suppress a decrease of the 
chloroform solution. One hour later, the fine magnetic particles remained on 
the substrate, and the functional groups of the monomolecular films formed 
on the surfaces of both the fine magnetic particles and the substrate were 
chemically reacted (dehydrochlorination reaction). This reaction was 
effected between the functional groups of the monomolecular film formed on 
the substrate surface and the functional groups of the monomolecular film 
formed on the surfaces of the fine magnetic particles, whereas no reaction 
was effected between the functional groups of the monomolecular film formed 
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on the surfaces of the fine magnetic particles, and unreacted fine magnetic 
particles were washed away from the substrate by washing the substrate 
with hexane after the reaction. The fine magnetic particles that had been 
subjected to the dehydrochlorination reaction were immobilized on the 
5 substrate with molecules 2 and 4 comprising chemical bonds 5 (FIG. 3 A). 

The above-described operations formed aligned fine particles 6 on the 
surface of the substrate 3 (FIG. 3B). After the reaction, it was confirmed 
that a layer of the fine particles was formed on the silicon substrate with a 
high resolution electron microscope, and that the film of the fine particles was 
10 not removed from the silicon substrate by a solvent of chloroform and acetone. 
It should be noted that the examples described later were evaluated by the 
examination performed by the same method as above. 

Then, the magnetic recording medium shown in FIG. 19 A was formed 
by the above-described method. A silicon substrate was used as the 
ffg 15 substrate 204, and a Fe-Ta-C film having a thickness of 300 nm was formed 
P on the substrate by sputtering as the soft magnetic thin film layer 203. The 

s saturation magnetic flux of this film was about 1.6 T, the coercive force He 

was 0.5 Oe, the permeability u was 1000. Then, a magnetic recording layer 
202 comprising Feo.52Pto.48 (the composition is expressed by the atomic ratio) 
fy 20 having an average particle diameter of 5 nm as the fine magnetic particles 

P 201 coated with the above -de scribed monomolecular film was formed. In 

fU 

this case, the magnetic recording layer 202 can be formed directly on the soft 
magnetic layer 203, or can be formed on an appropriate underlying layer in 
order to improve the adhesion of the monomolecular film. As the underlying 

25 layer, for example, a SiC>2 film is suitable. The underlying layer can be at 
least about 2 nm thick, but a too thick layer adversely affects the magnetic 
characteristics, so that the thickness preferably is 10 nm or less, more 
preferably 5 nm or less. The monomolecular film serves as a coating film 
205 for controlling the interval between the fine magnetic particles as 

30 appropriate after the formation. Furthermore, a carbon-based protective 

film 206 was formed on the magnetic recording layer 202. A heat treatment 
was performed at 600°C for about one hour so that the magnetic 
characteristics of PePt fine particles of the magnetic recording medium 
having the structure shown in FIG. 19 A were exhibited. The coercive force 

35 of the thus produced magnetic recording medium was measured and found to 
be 5 kOe, which is a suitable value as a high-density magnetic recording 
medium. When the magnetic recording layer 202 was observed with an 
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electron microscope, it was found that the fine particles 201 were dispersed 
on the surface of the substrate with a uniform thickness and interval, and 
thus a magnetic recording medium suitable for high-density magnetic 
recording was obtained. 

5 

Example 2 

This example will be described with reference to FIGS. 4A to 4C, FIG. 
5A to 5C and FIG. 6A and 6B. 

A 0.01 mol/L butyl alcohol solution was prepared by adding a thiol 
10 compound (4-mercapto-l-butanol (HS-(CH 2 ) 4 -OH)) having a hydroxyl group 
as its end functional group to 100 mL of butyl alcohol in a dry atmosphere, 
□ and then 100 mg of Pt fine magnetic particles 10 having an average particle 

UJ diameter of 5 nm were added to the solution, and the solution was stirred 

m sufficiently. A half hour later, the butyl alcohol solvent and unreacted thiol 

m 15 compounds were separated from the Pt fine particles, and thus a 

monomolecular film 11 comprising the thiol compounds was formed on the 
surface of the Pt fine particles (FIGS. 4A to 4C). 

FIG. 4A is a cross-sectional view of the fine magnetic particle 10. 
FIG. 4B is a cross-sectional view of the fine magnetic particle 10 whose 
20 surfaces are coated with the monomolecular film 11. FIG. 4C is an enlarged 
cross-sectional view of a part of C of FIG. 4B. 

On the other hand, a monomolecular film was formed on a heat 
resistant glass substrate 12. First, a solvent of hexadecane and chloroform 
having a volume ratio of 4:1 was prepared in a dry atmosphere, and a 
25 chlorosilane compound (5,6-epoxy hexyl trichlorosilane 

CH 2 OCH-(CH2)4-SiCl 3 )) having an epoxy group at its end was added to 100 
mL of the solvent so that 0.01 mol/L of hexadecane/chloroform mixed solution 
was prepared. Then, 20 mL of this solution was removed in a dry 
atmosphere and the silicon substrate 12 was immersed in the solution, which 
was stirred mildly. A half hour later, the substrate 12 was removed from the 
mixed solution in a dry atmosphere, and the substrate was immersed in dry 
chloroform focuwashing in a dry atmosphere. Thereafter, the substrate was 
taken out. A monomolecular film 13 comprising the chlorosilane compounds 
was formed on the substrate (FIGS. 5A to 5C). 
35 FI G. 5A is a cross-sectional view of the substrate 12. FIG. 5B is a 

cross-sectional view of the substrate 12 whose surface is coated with the 
monomolecular film 13. FIG. 5C is an enlarged cross-sectional view of a part 
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of D of FIG. 5B. 

Then, an operation for allowing the surface of the substrate to carry 
the fine magnetic particles was performed. A solution of the precious metal 
fine particles coated with the monomolecular film dispersed in butyl alcohol 
5 was prepared. The concentration can be selected as appropriate, and in this 
case, 100 mg were used with respect to 50 mL of hexane. The substrate was 
placed on a hot plate, and the butyl alcohol solution was dropped in several 
portions on the substrate with a dropping pipette, so that the substrate 
surface was wet with the butyl alcohol solution. Then, the temperature of 
10 the hot plate was raised and set to about 150°C and heated. The butyl 
^ alcohol on the substrate was immediately vaporized, and the precious metal 

O fine particles remained on the substrate, and the functional groups of the 

Q monomolecular films formed on the surfaces of both the precious metal fine 

IR particles and the substrate were chemically reacted. This reaction was 

0J 15 effected between the functional groups of the monomolecular film formed on 
Sj the substrate surface and the functional groups of the monomolecular film 

s formed on the surfaces of the precious metal fine particles, whereas no 

P reaction was effected between the functional groups of the monomolecular 

fy film formed on the surfaces of the precious metal fine particles, and 

g 20 unreacted precious metal fine particles were washed away from the substrate 
by washing the substrate with butyl alcohol after the reaction. FIG. 6A 
shows an example where an epoxy ring-opening reaction has occurred on the 
substrate, and the precious metal fine particles were immobilized on the 
substrate with molecules 11 and 13 comprising chemical bonds 14. 
25 The above-described operations formed aligned fine particles 15 on 

the surface of the substrate 12 (FIG. 6B). 

Example 3 

This example will be described with reference to FIGS. 7Ato 7C, FIG. 
30 8A to 8C and FIG. 9A and 9B. 

A 0.01 mol solution of methoxysilane compounds (4-aminobutyl 
trimethoxysilanfi (NH2-(CH2)4-Si(OCH 3 )3) having an amino group as its end 
was prepared with ethyl alcohol as a solvent. Then, 10 mg of Co fine 
magnetic particles 20 were added to 50 mL of the solution, and the solution 
35 was stirred mildly. Then, 1 mL of 1 M hydrogen chloride solution was added 
thereto to promote the reaction and the solution was further stirred. A half 
hour later, solid-liquid separation was performed, and the Co fine magnetic 
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particles having an average particle diameter of 9 nm were removed. Then, 
10 mg of the Co fine magnetic particles were put in 100 ml of ethyl alcohol, 
followed by mild stirring for washing. Thereafter, solid-liquid separation 
was performed again, and the fine magnetic particles were removed. Then, 
5 the fine magnetic particles were put in a heating apparatus that was set to 
120°C, and allowed to stand for 30 minutes. These operations formed a 
monomolecular film 21 comprising the methoxysilane compounds on the 
surfaces of the fine magnetic particles (FIGS. 7A to 7C). 

FIG. 7Ais a cross-sectional view of the fine magnetic particle 20. 
^ 10 FIG. 7B is a cross-sectional view of the fine magnetic particle 20 whose 
p surface is coated with the monomolecular film 21. FIG. 7C is an enlarged 

O cross-sectional view of a part of E of FIG. 7B 

m On the other hand, a monomolecular film was formed on a silicon 

(A substrate 22 in the same manner. A 0.01 mol solution of a methoxysilane 

ffj 15 compound (10-carboxy-l-decanetrimethoxysilane (COOH-(CH 2 )io-Si(OCH 3 )3) 
a having a carboxyl group as its end was prepared with ethyl alcohol as a 

O solvent. Then, 50 mL of this solution was put in a laboratory dish, and 1 mL 

m ° f a h y dro £ en chloride solution was added to the solution. Thereafter, a 2 x 3 

fjj cm silicon substrate 22 was immersed in the solution and allowed to stand for 

O 20 about 1 hour. Then, the silicon substrate was removed from the solution, 
and its surface was washed with ethyl alcohol a few times. A dry nitrogen 
gas was applied to the surface of the substrate, so that the surface of the 
substrate was dried. Thereafter, the substrate was put in a baking 
apparatus that was maintained at 120°C, and allowed to stand for 30 minutes. 
25 These operations formed a monomolecular film 23 comprising the 

methoxysilane compound on the surface of the silicon substrate (FIGS. 8A to 
8C). 

FIG. 8 A is a cross-sectional view of the silicon substrate 22. FIG. 8B 
is a cross-sectional view of the substrate 22 whose surface is coated with the 
30 monomolecular film 23. FIG. 8C is an enlarged cross-sectional view of a part 
of F of FIG. 8B 

Then, a solution of the fine particles coated with the monomolecular 
film dispersed in ethyl alcohol was prepared by adding about 10 mg of the 
fine magnetic particles to 10 mL of ethyl alcohol. The concentration can be 
35 selected as appropriate. The substrate was placed on a hot plate, and the 

ethyl alcohol solution was dropped in several portions on the substrate with a 
dropping pipette, so that the substrate surface was wet with the ethyl alcohol 
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solution. Then, the temperature of the hot plate was raised and set to about 
150°C and heated. The ethyl alcohol on the substrate was immediately 
vaporized, and the fine magnetic particles remained on the substrate, and a 
dehydration reaction was caused between the functional groups of the 
monomolecular films formed on the surfaces of both the fine magnetic 
particles and the substrate. This reaction was effected between the 
functional groups of the monomolecular film formed on the substrate surface 
and the functional groups of the monomolecular film formed on the surfaces 
of the fine magnetic particles, whereas no reaction was effected between the 
functional groups of the monomolecular film formed on the surfaces of the 
fine magnetic particles, and unreacted fine magnetic particles were washed 
away from the substrate by washing the substrate with ethyl alcohol after 
the reaction, and thus the fine magnetic particles that had been subjected to 
the reaction were immobilized on the substrate with chemical bonds 24. FIG. 
9A shows an example where the dehydration reaction has occurred on the 
surface of the substrate, and the fine magnetic particles were immobilized on 
the substrate with molecules 21 and 23 comprising amide bonds (-NHCO-) 
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The above-described operations formed aligned fine particles 25 on 
the surface of the substrate 22 (FIG. 9B). 

Example 4 

This example will be described with reference to FIGS. 10A and 10B. 

As shown in Example 2, a monomolecular film 31 comprising a thiol 
compound having a hydroxyl group as its end functional group was formed on 
the surface of a first Co fine magnetic particles 30 (an average particle 
diameter of 9 nm), and a monomolecular film 33 comprising a chlorosilane 
compound having an epoxy group as its end functional group was formed on a 
substrate 32 carrying the first fine magnetic particles. Then, the operations 
for the chemical binding reaction for allowing the surface of the substrate to 
carry the first magnetic particles were performed so that the first magnetic 
particles formed chemical bonds 34 on the surface of the substrate, and thus 
the first aligned fine magnetic particles 35 were obtained (FIG. 10A). 

Then, a solvent of hexadecane and chloroform having a volume ratio 
of 4:1 was prepared in a dry atmosphere, and a chlorosilane compound having 
an epoxy group as its end functional group was added to 100 mL of the 
solvent so that 0.01 mol/L of hexadecane/chloroform mixed solution was 
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prepared. Then, 20 mL of this solution was removed in a dry atmosphere 
and brought into contact with second Feo. 5 Pto.5 fine magnetic particles 
(average particle diameter of 5 nm) 36, followed by mild stirring. A half 
hour later, the contact of the second fine magnetic particles with the mixed 
solution was stopped in a dry atmosphere, and the fine particles were brought 
into contact with chloroform in a dry atmosphere for washing. Thereafter, 
the fine particles were taken out. After the series of operations, a 
monomolecular film 37 comprising the chlorosilane compounds was formed 
on the surface of the second fine particles 

Then, an operation for allowing the substrate 32 carrying the fine 
magnetic particles 30 on its surface to be in contact with the second fine 
magnetic particles 39 was.performed. A solution of the second fine magnetic 
particles coated with the monomolecular film dispersed in butyl alcohol was 
prepared. The concentration can be selected as appropriate, and in this case, 
15 100 mg were used with respect to 50 mL of hexane. The substrate was 

placed on a hot plate, and the butyl alcohol solution was dropped in several 
portions on the substrate with a dropping pipette, so that the substrate 
surface was wet with the butyl alcohol solution. Then, the temperature of 
the hot plate was raised and set to about 150°C, and heated. The butyl 
alcohol on the substrate was immediately vaporized, and the second fine 
magnetic particles remained on the substrate, and the functional groups of 
the monomolecular films formed on the surfaces of the first fine particles 31 
and the functional groups of the monomolecular film just formed on the 
second fine particle 36 were chemically reacted. This reaction was effected 
between the functional groups of the monomolecular film formed on the two 
types of the fine magnetic particles, whereas no reaction was effected 
between the functional groups of the monomolecular film formed on the 
surface of the second fine magnetic particles, and unreacted fine magnetic 
particles were washed away from the substrate by washing the substrate 
with butyl alcohol after the reaction. The first fine particles 31 and the 
second fine particles 36 were immobilized to each other with chemical bonds 
38. As a result, the fisst aligned fine particles 35 and the second aligned fine 
particle 39 were integrated and thus immobilized (FIG. 10B). 

Example 5 

This example will be described with reference to FIG. 11. 
Third aligned fine particles 40 (Si fine particles with an average 
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particle diameter of 6 nm) were formed on the second aligned fine particles 39 
(Feo.sPto.5 fine magnetic particles with an average particle diameter of 5 nm) 
formed in Example 4, using the first aligned fine particles 35 (Co fine 
magnetic particles with an average particle diameter of 9 nm) coated with the 
5 monomolecular film formed on the substrate 32 shown in Example 4. 

The operation was performed in the same manner as in Example 4. 
As a result, the third aligned fine particles 40 were formed while being 
immobilized on the second aligned fine particles 39 shown in Example 4. 
The fine particles can be accumulated in the form of an arbitrary 
10 number of layers by repeating the series of operations in the same manner as 
above. 

Furthermore, it is possible to accumulate the aligned fine particles on 
□ a different material by applying this example. 

S 

m 

y\ 15 Example 6 

U This example will be described with reference to FIG. 12. 

M Chlorosilane compounds (14-bromotetradecyl trichlorosilane 

• (Br-(CH 2 )i4-SiCl 3 )) having halogen groups (boron in this example) at their 

ends were dissolved in silicone oil so that the concentration was about 1 wt%. 
fy 20 To 100 mL of this solution, 10 g of silicon based inorganic fine particles 50 
g were added, and the solution was stirred sufficiently. Then, the chlorosilane 

based material caused a dehydrochlorination reaction on the surface of the 
silicon inorganic fine particles (Si fine particles having an average particle 
diameter of 3 nm), so that a monomolecular film 51 comprising the 
25 chlorosilane based material was formed on the surfaces of the silicon based 
inorganic fine particles. The silicone oil containing unreacted chlorosilane 
based material was removed from the completed reaction solution, and a 
large amount of chloroform was added thereto several times to wash the 
silicon based fine particles, and thus the silicon based inorganic fine particles 
30 that participated in the reaction were obtained. 

Furthermore, similarly for a glass plate 52, on which the fine 
particles were to be aligned, a silicone oil solution of chlorosilane compounds 
(15-hexadecenyl trichlorosilane (CH 2 =CH-(CH 2 )i5-SiCl 3 )) having an 
unsaturated binding group was prepared, this solution was brought into 
35 contact with the glass plate, and the reacted glass plate was washed with 

chloroform. Thus, a monomolecular film 53 was formed on the surface of the 
glass plate. 
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The glass substrate provided with the monomolecular film was 
irradiated with X-rays as an energy source. The X-ray irradiation excited 
the unsaturated binding groups of the monomolecular film on the glass 
substrate, so that they were changed to reactive sites. When the 
5 silicon-based inorganic fine particles provided with the monomolecular film 
immediately were brought into contact with the surface of the substrate, the 
monomolecular film on the glass substrate and the monomolecular film on 
the surface of the silicon- based inorganic fine particles were bonded with 
chemical bonds 54, so that the silicon-based inorganic fine particles were 
10 immobilized on the glass substrate. The chemical bonds were not produced 
between the fine particles, and only a structure comprising the fine particles 
y, was formed on the. glass substrate. 

O A structure comprising any desired fine particles can be formed by 

jjj repeating energy ray irradiation as described above. 

2 Example 7 

Sf This example will be described with reference to FIGS. 13A to 13C. 

^ In the same manner as in Example 1, a 0.01 mol/L hexane solution 

^ was prepared by adding a chlorosilane compound having a phenyl group as 

fy 20 its end functional group to 100 mL of hexane as a non-aqueous inert solvent 
g in a dry atmosphere as in Example 1. Then, 100 mg of Feo.52Pto.4s fine 

fU magnetic particles (an average particle diameter of 4 nm) 60 were added to 

the solution, and the solution was stirred sufficiently. A half hour later, the 
hexane solvent and unreacted chlorosilane compounds were separated from 
25 the fine magnetic particles in the dry atmosphere. This operation formed a 
monomolecular film 61 comprising the chlorosilane compounds was formed 
on the surfaces of the fine magnetic particles (FIG. 13A). 

On the other hand, the operation for forming a monomolecular film 
was performed in the same manner as in Example 1 with respect to the 
30 substrate 62 carrying the fine magnetic particles, so that a monomolecular 
film having a CH2CI group as its end functional group was formed on a 
substrate 62. A solvent of Uexadecane and chloroform having a volume ratio 
of 4:1 was prepared in a dry atmosphere, and chlorosilane compounds having 
end functional groups was added to 100 mL of the solvent so that 0.01 mol/L 
35 of hexadecane/chloroform mixed solution was prepared. Then, 20 mL of this 
solution was taken out in a dry atmosphere and the silicon substrate was 
immersed in the solution, which was stirred mildly. A half hour later, the 
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substrate was removed from the mixed solution in a dry atmosphere, and the 
substrate was immersed in dry chloroform for washing in a dry atmosphere. 
Thereafter, the substrate was taken out. Thus, a monomolecular film 63 
comprising the chlorosilane compounds was formed on the surface of the 
substrate (FIG. 13B). 

Then, the substrate was placed under a 500 W high pressure 
ultraviolet ray lamp 64 via a metal mask 65 and was irradiated with 
ultraviolet rays. Irradiation for 30 seconds removed the monomolecular film 
on the portion of the substrate that was irradiated with ultraviolet rays, and 
the monomolecular film 66 remained only in the portion that was covered 
with the metal mask 65 (FIG. 13C). 

Then, an operation for allowing the surface of the substrate to carry 
the fine magnetic particles was performed in the same manner as in Example 
1. A solution of the fine magnetic particles coated with the monomolecular 
film dispersed in chloroform was prepared. The concentration can be 
selected as appropriate, and in this case, 100 mg were used with respect to 50 
mL of chloroform. A laboratory dish containing the substrate was placed on 
a hot plate, and the chloroform solution was dropped in several portions on 
the substrate with a dropping pipette, so that the substrate surface was wet 
with the chloroform solution. Furthermore, a small amount of aluminum 
chloride was added to thereto, and the solution and stirred sufficiently. The 
temperature of the hot plate was raised and set to about 120°C, and heated. 
Since chloroform on the substrate would be vaporized readily, a laboratory 
dish was used to close the container to suppress a decrease of the chloroform. 
One hour later, the fine magnetic particles remained on the substrate, and 
the functional groups of the monomolecular films formed on the surfaces of 
both the fine magnetic particles and the substrate were chemically reacted. 
This reaction was effected between the functional groups of the 
monomolecular film formed on the substrate surface and the functional 
groups of the monomolecular film formed on the surfaces of the fine magnetic 
particles, whereas no reaction was effected between the functional groups of 
the monomolecular film formed on the surfaces of the fine magnetic particles 
nor in the portion of the substrate that was irradiated with ultraviolet rays, 
and unreacted fine magnetic particles were washed away from the substrate 
by washing the substrate with hexane after the reaction. The fine magnetic 
particles that had been subjected to the reaction were immobilized on the 
substrate with chemical bonds 67. These fine magnetic particles formed a 



38 



structure in which the fine particles were aligned only in the portion of the 
surface of the substrate that was covered with the metal mask (FIG. 13D). 

Example 8 

This example will be described with reference to FIG. 14. 

A monomolecular film 71 was formed with another chlorosilane 
material only in the portion in which the structure comprising the fine 
particles was not formed on the substrate provided with the aligned fine 
particles 70 pattern-formed in Example 7. A solution of 1% of chlorosilane 
compounds (18-nonadecenyl tri chlorosilane (CH2=CH-(CH 2 )i7-SiCl3)) having 
double bonds at the end in a mixed solution of hexadecane and chloroform 
having a volume ratio of 4:1 was prepared. The substrate provided with the 
structure comprising the patterned fine particles was immersed in the 
solution. A half hour later, the substrate was removed and washed with 
chloroform. Thus, a monomolecular film having double bonds at the end was 
formed in the portion from which the monomolecular film was removed by 
being irradiated with ultraviolet rays in Example 7. The new 
monomolecular film was not formed on the surfaces of the fine particles or the 
substrate on which the fine particle pattern already was formed. Thus, it 
was possible to form the monomolecular film selectively. 

Then, the double bonds at the end of the constituent molecules of the 
monomolecular film were subjected to an oxidation treatment with a 
potassium permanganate solution. Immersion for about 10 hours converted 
the double bonds into COOH groups. 

Precious metal fine particles (Au fine particles with an average 
particle diameter of 4 nm) 72 were used as the fine particles. Thiol 
compounds having amino groups at the ends (8-amino-l-octanethiol 
(NH2-(CH2>8-SH)) were dissolved in ethyl alcohol, and precious metal fine 
particles were added thereto, followed by stirring for 24 hours. Thus, a 
monomolecular film 73 comprising the thiol compounds was formed on the 
surfaces of the precious metal fine particles. 

An operation for immobilizing the fine particles on the substrate with 
the substrate and the precious metal fine particles was performed. The 
precious metal fine particles coated with the monomolecular film were 
dispersed in hexane, and the solution was dropped onto the substrate and 
heated at 120°C. This treatment formed chemical bonds 74 between the 
organic coating film of the precious metal fine particles and the organic 
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coating film on the surface of the substrate. Thus, another structure 75 
comprising the precious metal fine particles was immobilized on the 
substrate 62. 

Example 9 

This example will be described with reference to FIG. 15. 

Then, the substrate 80 provided with the fine particles alignment 
having a three layered structure formed in Example 5 was irradiated with 
electron rays via a metal mask. Then, the substrate was immersed in 
carbon tetrachloride, so that the aligned fine particles in the portion that was 
irradiated with the electron rays was removed, and the structure comprising 
the fine particles remained only in the portion that was not irradiated with 
the electron rays. Thus, a pattern 81 of the structure comprising the fine 
particles was formed on the substrate. 

Example 10 

This example will be described with reference to FIG. 16. 

A chlorosilane based material having a halogen group (boron in this 
example) at its end used in Example 6 was dissolved in silicone oil so that the 
concentration was about 1 wt%. To 100 mL of this solution, 10 g of fine 
magnetic particles were added, and the solution was stirred sufficiently. 
Then, the chlorosilane based material caused a dehydrochlorination reaction 
on the surfaces of the fine magnetic particles, so that a monomolecular film 
comprising the chlorosilane based material was formed on the surfaces of the 
fine magnetic particles. The silicone oil containing unreacted chlorosilane 
based material was removed from the completed reaction solution, and a 
large amount of chloroform was added thereto several times to wash the fine 
magnetic particles, and thus the fine magnetic particles that participated in 
the reaction were obtained. 

Furthermore, as a substrate on which the fine particles were to be 
aligned, a disk-shaped glass substrate having a diameter of 1 inch was used, 
and a silicone oil solution of a chlorcisilane-based material having an 
unsaturated binding group was prepared and was brought into contact with 
the glass plate, and the reacted glass plate was washed with chloroform. 
Thus, a monomolecular film was formed on the surface of the glass plate. 

The glass substrate 90 provided with the monomolecular film was 
irradiated with X-rays as energy rays. In this case, the portion 91 for 
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irradiation of first X-rays had a shape along the circumference of the 
concentric circles sharing the center of the disk, as shown in FIG. 16. The 
X-ray irradiation excited the unsaturated binding groups of the 
monomolecular film on the glass substrate, so that they were changed to 
reactive sites. When the fine magnetic particles (Feo.52Pto.48 (the composition 
was expressed by the atomic %) with an average particle diameter of 5 nm) 
provided with the monomolecular film immediately were brought into contact 
with the surface of the substrate, the monomolecular film on the glass 
substrate and the monomolecular film on the surfaces of the fine magnetic 
particles were bonded with chemical bonds, so that the fine magnetic 
particles were immobilized on the glass substrate. Although not precisely, 
the fine magnetic particles tended to be aligned along the shape of the 
circumference portion irradiated with X-rays. 

Next, the entire surface of the glass substrate was irradiated with 
X-rays having the same energy density as that of the X-rays used above. As 
a result, there was no change in the portion 91 to which the fine magnetic 
particles were attached, because the fine particles acted as a mask. On the 
other hand, in a portion to which the fine magnetic particles were not 
attached by the first irradiation (that is, a portion 92 for the second 
irradiation of X-rays), the unsaturated binding groups of the monomolecular 
film on the glass substrate were excited by the X-ray irradiation and were 
converted to reactive sites. When the fine magnetic particles provided with 
the monomolecular film immediately were brought into contact with the 
surface of the substrate, the monomolecular film on the glass substrate and 
the monomolecular film on the surfaces of the fine magnetic particles were 
bonded with chemical bonds, so that the fine magnetic particles were 
immobilized on the glass substrate. At this point, the chemical bonds were 
not produced between the fine magnetic particles, but this alignment was 
affected by the portion 91 in which the fine particles were already aligned, so 
that the fine magnetic particles in the portion 92 also tended to be aligned 
along the circumference. 

The width of the portion 91 that is irradiated with the first energy 
rays in FIG. 16 preferably is not less than five times and not more than forty 
times the average diameter of the fine particles to be aligned. More 
specifically, when the average diameter of the fine particles is about 5 nm to 
10 nm, the width of the energy irradiated portion preferably is 50 nm or more 
and 200 nm or less, more preferably 100 nm or more and 150 nm or less. 
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When the width is too small, it is impossible or difficult to control the 
irradiation width, and when the line width is too wide, it becomes difficult to 
align the fine particles with their order maintained. 

As described above, according to this example, the fine particles tend 
to be aligned along the circumference of the disk, and when being applied as a 
magnetic recording medium or the like, magnetic recording/reproduction can 
be performed effectively. 

A magnetic recording medium was produced, using the method for 
producing the fine particles as described above. As shown in FIG. 19A, first, 
as the soft magnetic layer 203, a Fe-Ta-C film having a thickness of 300 nm 
was formed on a silicon substrate 204 by sputtering. The saturation 
magnetic flux of this film .was about. 1.6 T, the coercive force He was 0.5 Oe, 
and the permeability u was 1000. Next, a magnetic recording layer 
comprising the Reo.52Pto.48 (the composition is expressed by the atomic ratio) 
fine particles was formed on the soft magnetic film by the above -described 
method. Describing this process more specifically, first, a monomolecular 
film layer was formed directly or via an underlying film (e.g., Si0 2 film with a 
thickness of 10 nm or less) to improve the adhesion of the monomolecular film, 
using a chlorosilane-based material having unsaturated binding groups. 
Then, selective X-rays irradiation was utilized to align the fine particles along 
the circumference as shown in FIG. 16. 

Furthermore, as the protective layer 206, a DLC film having a 
thickness of about 5 nm was formed by a plasma CVD method. Next, this 
sample was subjected to a heat treatment at 570 °C in a vacuum for about one 
hour while a magnetic field of about 10 kOe was applied in the direction 
perpendicular to the film plane. It is believed that the heat treatment at 
such a high temperature changes the structure of the organic coating, but 
there was not a large change in the role of keeping the interval between the 
fine magnetic particles constant because the organic coating film served to 
coat the magnetic particles, as shown in FIG. 19A and 19B. Thereafter, a 
liquid lubricant as a protective layer was applied onto the surface of the 
magnetic disk at room temperature, andLthus a magnetic recording medium 
of this example shown in FIG. 19A and 19B was produced. 

Then, the magnetic recording medium obtained in this example was 
evaluated with a magnetic recording/reproducing apparatus shown in FIGS. 
20A and 20B. In this case, a single magnetic pole head was used for the 
recording head, and a GMR head was used for the reproducing head. The 



42 



shield gap length of the reproducing head was 0*1 um. In order to evaluate 
the high-density recording characteristics of the medium, the reproduction 
output was detected while changing the recording frequency from 50 kFCI 
(flux change per inch, the number of magnetization reversals per inch) to 
several hundreds kFCI to obtain a half output recording density (D 50 ) that is 
the density when the reproduction output was reduced to a half of the 
reproduction output of that at 50 k FCL 

The half output recording density (D 5 o) of the magnetic recording 
medium of this example was 400 kFCI, which confirmed high-density 
recording. 

Example 11 _ 

This example will be described with reference to FIG. 17. 

A monomolecular film comprising a chlorosilane based material 
having a halogen group at its end (boron in this example) was formed on the 
surfaces of the fine magnetic particles. 

Furthermore, for a monocrystal silicon plate, on which the fine 
particles were to be aligned, a silicone oil solution of a chlorosilane based 
material having an unsaturated binding group was prepared in the same 
manner, this solution was brought into contact with the silicon substrate, and 
the reacted silicon substrate was washed with chloroform. Thus, a 
monomolecular film was formed on the surface of the silicon substrate. 

The hatched portion 95 of FIG. 17 of the silicon substrate provided 
with the monomolecular film was irradiated with X-rays as energy rays. 
The X-ray irradiation excited the unsaturated binding groups of the 
monomolecular film in the portion 95 of the silicon substrate, so that they 
were changed to reactive sites. When the fine magnetic particles provided 
with the monomolecular film immediately were brought into contact with the 
surface of the silicon substrate, the monomolecular film on the silicon 
substrate and the monomolecular film on the surfaces of the fine magnetic 
particles were chemically bonded, so that the fine magnetic particles were 
immobilized on the silicon substrate. The-fine particles were not bonded to 
each other, and as a result, a structure comprising the fine particles formed 
only in the hatched portion 95 was formed on the silicon substrate. 

Then, a monomolecular film was formed on the surface of fine 
particles different from the fine particles of the structure in the hatched 
portion. A chlorosilane-based material having a halogen group at its end 
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(boron in this example) was dissolved in silicone oil so that the concentration 
was about 1 wt%. To 100 mL of this solution, 10 g of silicon based inorganic 
fine particles were added, and the solution was stirred sufficiently. Then, 
the chlorosilane based material caused a dehydrochlorination reaction on the 
surfaces of the silicon inorganic fine particles (Si fine particles with an 
average particle diameter of 5 nm), so that a monomolecular film comprising 
the chlorosilane based material was formed on the surfaces of the silicon 
based inorganic fine particles. The silicone oil containing unre acted 
chlorosilane based material was removed from the completed reaction 
solution, and a large amount of chloroform was added thereto several times to 
wash the silicon based fine particles, and thus the silicon based inorganic fine 
particles that participated in the reaction were obtained. 

Then, the entire surface of the silicon substrate provided with the fine 
particles in the pattern shown in FIG. 17 was irradiated with X-rays as an 
energy source. As a result, there was no change in the portion to which the 
fine magnetic particles that were attached because the fine particles served 
as a mask. On the other hand, in the portion to which the fine particles 
were not attached (e.g., the second irradiation portion 96 of the X-rays), the 
X-ray irradiation excited the unsaturated binding groups of the 
monomolecular film on the glass substrate, so that they were changed to 
reactive sites. When the silicon-based inorganic fine particles provided with 
the monomolecular film immediately were brought into contact with the 
surface of the substrate, the monomolecular film on the glass substrate and 
the monomolecular film on the surface of the silicon- based inorganic fine 
particles were bonded with chemical bonds, so that the silicon-based 
inorganic fine particles were immobilized. Thus, a structure comprising the 
portion in which the fine magnetic particles were immobilized and the portion 
in which the silicon fine particles were immobilized was formed. This 
method for forming a structure of a patterned magnetic substance as shown 
in FIG. 17 is a method for forming patterned media (patterned magnetic 
recording media). The patterned media are expected to be a promising 
method for achieving future high-density magnetic recording (e.g., R.L. White 
et al. IEEE Transactions on Magnetics., vol.33, No.l 1997, p990). When 
forming the patterned media, if the surrounding portion of the portion 96 is 
not filled, the medium may be damaged, for example, by the magnetic head 
hitting the edge portion of the structure 95 during recording/reproduction 
with the magnetic head. Therefore, as in this example, it is an 
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advantageous technique to reduce the extent of roughness on the surface, for 
example, by filling the second X-ray irradiation portion 96 with fine 
non-magnetic particles. 

5 Example 12 

This example will be described with reference to FIG. 18. 
In the same manner as in Example 7, a monomolecular film 
comprising chlorosilane compounds having phenyl groups as their end 
functional groups was formed on the surfaces of the fine magnetic particles. 

Next, a silicon disk with a diameter of 1 inch was used as the 
substrate for carrying the fine particles, and a monomolecular film was 
formed by the same operation for forming a monomolecular film as, in 
Example 7 with respect to the disk (substrate), so that a monomolecular film 
having CH 2 C1 groups as their end functional groups was formed on the 
substrate. 

Then, as shown in FIG. 18, an energy irradiation portion 101 is 
irradiated with electron rays as an energy source. The monomolecular film 
on the portion irradiated with the energy rays was removed from the 
substrate (disk) 100, and the monomolecular film remained only in the 
portion 102 that was not irradiated with the electron rays. 

Then, as in Example 7, an operation for allowing the surface of the 
substrate to carry the fine magnetic particles was performed. As a result, 
the fine particles (Coo sPto.s fine particles with an average diameter of 6 nm) 
were aligned only in the portion 102 that was not irradiated with the electron 
rays in FIG. 18. Although not precisely, the fine magnetic particles tended 
to be aligned along the shape of the circumference portion that was the 
boundary between the portion that was irradiated with the energy rays and 
the portion that was not irradiated with the energy rays. 

Then, the operation for forming a monomolecular film having a CH 2 C1 
group as its end functional group on the substrate was performed again, so 
that the same monomolecular film as the removed monomolecular film was 
formed in the energy ray irradiation portion in FIG. 18. 

Then, the operation for allowing the monomolecular film to carry the 
fine particles was performed in exactly the same manner as above. As a 
result, the fine magnetic particles were aligned in the portion 102 in FIG. 18. 
At this point, the fine magnetic particles were affected by the portion 101 in 
which the pattern of the fine particles were already formed, so that the fine 
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magnetic particles in the portion 102 also tended to be aligned along the 
circumference. Furthermore, the fine particles were not formed anew on the 
patterned fine particles that already had been formed. 

The width of the portion 101 that is irradiated with the energy rays in 
FIG. 18 preferably is not less than five times and not more than forty times 
the diameter of the fine particles to be aligned. More specifically, when the 
average diameter of the fine particles is about 5 nm to 10 nm, the width of 
the energy irradiated portion preferably is 50 nm or more and 200 nm or less, 
more preferably 100 nm or more and 150 nm or less. When the width is too 
small, it is impossible or difficult to control the irradiation width, and when 
the line width is too wide, it become difficult to align the fine particles with 
their, order maintained. 

As described above, according to this example, the fine particles tend 
to be aligned along the circumference of the disk, and when being applied as a 
magnetic recording medium or the like, magnetic recording/reproduction can 
be performed effectively. 

Next, as the protective layer, a DLC film was formed on the surface of 
the structure comprising the fine particles produced in the above-described 
method, so that a magnetic recording medium shown in FIG. 19B was formed. 
In this case, Coo.sPto.s fine particles with an average particle diameter of 6 nm 
were used as the fine particles. When this magnetic recording medium was 
retained at 650 °C in a vacuum of 1.33x10-3 Pa(lx 10-5 Torr) or i ess for about 
one hour, the Coo.sPto.s fine particles become ordered, so that the coercive 
force in the in-plane direction was about 8 kOe, which is a large coercive force. 
It was possible to adjust the magnitude of the coercive force by changing the 
heat treatment temperature or the heat treatment time. Therefore, this 
medium can be used as a medium suitable for recording in a future density as 
high as 50 Gbit/in 2 . 

Example 13 

FIG. 21 shows an example of a structure of a semiconductor device of 
~ the present invention. A silicon oxynitride film was provided as a tunnel 
barrier layer 302 on a p-type silicon substrate 301 as a semiconductor 
substrate, and silicon fine particles 303 with an organic coating film were 
formed on the tunnel barrier layer. A Si0 2 film 304 having a thickness of 5 
to 20 nm was provided as an insulator layer, and an n-type polycrystalline 
silicon layer 305 was provided as an upper electrode at the uppermost 
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portion. 

Hereinafter, an example of preparation of the semiconductor 
structure will be described. First, the p-type semiconductor substrate 301 
was oxynitrided in the presence of nitrogen oxide to form a tunnel oxynitride 
film 302 having a thickness of 2 to 3nm on its surface. Then, Si fine 
particles were immobilized on the surface of the tunnel oxynitride film 302 by 
the same method as Example 1. More specifically, first, a monomolecular 
film comprising chlorosilane compounds was formed on the surfaces of the Si 
fine particles having a particle size of 3 to 5 nm (FIG. 1B-1C). On the other 
hand, a monomolecular film (corresponding to 4 of FIG. 2B-2C) comprising 
chlorosilane compounds was formed on the tunnel oxynitride film 302. Then, 
the functional groups of the monomolecular films formed on both the Si fine 
particles and the tunnel insulator film 302 were chemically reacted so that 
the Si fine particles 303 were immobilized on the tunnel oxynitride film 302 
(FIGS. 3A-3B). When the dispersion state of the Si fine particles was 
observed with a scanning electron microscope, it was found that the Si fine 
particles were aligned uniformly and dispersed without being overlapped, 
and the in-plane density was as high as 2 x 10 12 particles / cm- 2 . 

Next, since residual organic substances or carbide may deteriorate 
the characteristics of a Si02 layer that will be formed next, an oxygen plasma 
treatment was performed at 600 W and 60°C for 10 minutes to prevent the 
deterioration. This treatment oxidized and removed unwanted organic 
substances on the surface. 

Next, a Si02 film 304 having a thickness of 20 nm was formed by a 
CMD apparatus, and an n-type polysilicon electrode 305 was formed. 

Hereinafter, the function of this structure will be described. In this 
structure, the metal or semiconductor fine particles 303 were embedded in 
the insulator, and insulated from the surrounding components. However, 
when a sufficiently large voltage is applied to the upper electrode 305, a 
difference in the potential between the surfaces of the fine particles 303 and 
the semiconductor 301 is generated, and charges are implanted to the fine 
particles by the tunnel process via the tunnel barrier 302. When an external 
field is removed, the accumulated charges change the potential of the fine 
particles, which acts on the charges so as to be released by the tunnel process 
in the direction opposite to the direction of the charge implantation. 
However, the tunnel process depends on the difference in the potential 
between the fine particles and the semiconductor, and if the fine particles are 
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sufficiently small, the quantum effect and the broken blockade are exhibited. 
Therefore, if the thickness of the tunnel barrier and the particle size and the 
dispersion state of the fine particles are suitably controlled, the charges can 
be stored in the fine particles for a long time. Furthermore, the charges in 
5 the fine particles can be released by applying a voltage to the upper electrode 
305 in the direction opposite to the direction of the charges implantation. As 
described above, this structure has the functions of charge implantation to, 
storage in and release from the fine particles, but it is necessary to control 
precisely the dispersion state of the fine particles in order for this function to 
10 work fully In formation of silicon microcrystal by a conventional method, for 

Jj example, CVD method, the size is not uniform between the produced fine 

O 

p particles and the dispersion state is not uniform. In addition, in an attempt 

U1 to improve the in-plane density of the fine particles, the size of the fine 

ui 

^ particles is increased, or the fine particles are in contact with each other. 

01 15 Thus, it was difficult to produce a device with high reliability. For example, 
^ if some fine particles have a larger particle size than that of the adjacent 

a 

{3 particles or a plurality of fine particles are in contact with each other, charges 

^ are locally concentrated or charges cannot be stored and leak. When the 

pi in-plane density is low, the amount of accumulated charges is insufficient. 

□ 20 In the semiconductor device of this example, the size of the fine 

^ particles and the dispersion state can be controlled satisfactorily, so that the 

present invention can provide means for charge implantation to the fine 

particles, and storage and erasure with high reliability, which has not been 

achieved by the prior art. 
25 It should be noted that in this example, Si fine particles are used as 

the fine particles, but fine particles of other semiconductors or metals can be 

used as well. 

A silicon oxynitride film may be used as the tunnel barrier layer, but 
other materials such as Si02 or semiconductor materials can be used as well. 

30 

Example 14 

FIG. 22 is a cross-sectional view showing a structure of a 
semiconductor memory device as an example of the present invention. An 
n-type conductive region 316 serving as a source region or a drain region is 
35 provided in a p-type silicon substrate 311 as a semiconductor substrate. The 
n-type conductive region 316, metal electrodes 317 as source/drain electrodes, 
a Si02 gate insulating layer 314 as a gate insulating film, and an n-type 
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polysilicon layer 315 as a gate electrode silicon constitute a MIS transistor 
structure. A silicon oxide film layer 312 serving as the tunnel barrier layer 
provided on the semiconductor substrate, and Feo.sPto.s fine particles 313 
having a particle size of 3 nm that are immobilized on the surface of the 
5 barrier layer in the same manner as in Examples 1 and 13 are provided 
between the gate insulating film 314 and the semiconductor substrate 311, 
which forms the MIS transistor structure. 

The fine particles layer 313 was formed by first forming a 
monomolecular film comprising chlorosilane compounds on the surface of the 
10 FePt fine particles having a particle size of 3 nm (FIG. 1B-1C). On the other 
hand, a monomolecular film (FIG. 2B-2C) comprising chlorosilane compounds 
was formed on the tunnel oxide film 312. Then, the functional groups of the 
monomolecular films formed on both the FePt fine particles and the tunnel 
insulator film 312 were chemically reacted so that the FePt fine particles 313 
15 were immobilized on the tunnel oxide film (FIGS. 3A-3B). When the 
gj dispersion state of the FePt fine particles was observed with a scanning 

SI electron microscope, it was found that the FePt fine particles were aligned 

p uniformly and dispersed without being overlapped, and the in-plane density 

f^t was as high as 5 x 10 12 particles / cm 2 . 

20 Also in this example as in Example 13, in order to prevent residual 

organic substances or carbide from deteriorating the characteristics of a Si02 
fU film, it is advantageous to perform an oxygen plasma treatment or the like to 

oxidize and remove the organic substances on the surface after the fine 
particles are formed, if necessary. 
25 Also in Example 14, charge implantation to, storage in and release to 

the fine particles can be controlled efficiently under the same principle as in 
Example 13. Furthermore, in Example 14, the fine particles carrying 
charges are formed in the gate region of an insulating gate semiconductor 
(MIS: metal insulator semiconductor) transistor structure, so that the 
30 threshold voltage of the MIS transistor characteristics is changed depending 
on whether the fine particles carry charges or the fine particles are free of 
charges. Thus, the semiconductor memory device of this example operates 
as a low voltage, high-speed, and highly reliable non-volatile semiconductor 
memory device. Furthermore, a single element can realize a basic memory 
35 operation without a peripheral circuit so that high-density integration is 
possible. 

In Example 14, FePt fine particles were used as the fine particles, but 
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semiconductors or other metal materials can be used. 

Furthermore, in the dot memory device shown in FIG. 22, the fine 
particles are arranged entirely under the gate, but the fine particles that are 
actually serve for the memory operation are only those in the source end 
portion. Therefore, as shown in FIG. 2 3 A, using the method for patterning 
the fine particle structure as shown in Examples 6, 7 and 9, it is more 
preferable to arrange the fine particles only in the source end portion. In the 
structure of FIG. 22, a large number of electrons are required for charge 
implantation to the entire fine particles under the gate, whereas in the 
structure of FIG. 23A, the number of fine particles for charge implantation is 
reduced, which leads to even lower power consumption. If this structure is 
further developed to that shown in FIG. 23B, where the fine particles are 
arranged in both source/drain ends, and the source and the drain are 
switched, then a 2 bit/cell memory is possible, and thus the high-density 
memory can be achieved easily. The method for patterning the fine particle 
structure of the present invention is advantageous for production of such a 
structure. 

The case where one layer of the fine particles is formed on the tunnel 
barrier layer has been described. However, as shown in FIG. 23C, two or 
more layers of the fine particles can be formed. Also it is advantageous to 
use fine particles of different sizes or materials between two layers, or form a 
suitable insulating film between the two layers. In the structure as shown 
in FIG. 23C, for example, if the fine particles having a diameter of 5 nm are 
used for the upper layer and the fine particles having a diameter of 2 nm are 
used for the lower layer, the charge storage time can be extended significantly. 
In this case as well as in the case of a single fine particle layer, as shown in 
FIG. 23D, if fine particles are arranged in both source ends, a multivalued 
memory can be achieved. 

In Examples 13 and 14, a p-type silicon substrate was used as the 
semiconductor substrate, but an n-type silicon substrate, a GaAs substrate or 
substrates formed of other semiconductor materials can be used. 

-In Examples 13 and 14, SiC>2 was used as the insulating layer, but 
silicon nitride, silicon oxynitride, alumina, cerium oxide, ZnS, ZnO or other 
insulating materials can be used. 

In the present invention, a semiconductor substrate was used, but 
substrates made of insulators, metals, or various other materials can be used. 
Alternatively, a substrate provided with a semiconductor layer on the above 
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substrate can be used. 
Example 15 

Amagnetoresistive device as shown in FIG. 24 was formed by the 
method for forming a structure comprising fine particles of the present 
invention. 

First, fine particles are uniformly dispersed on a substrate, utilizing a 
monomolecular film made of a chlorosilane based material by exactly the 
same manner as in Example 1. A silicon substrate whose surface had been 
subjected to thermal oxidation was used as the substrate, Coo.9Feo.i fine 
particles having a diameter of 10 nm were used as the fine particles, and a 
monomolecular film made of a chlorosilane based material was used as the 
monomolecular film. 

Then, electrodes 402 made of Cr/Au/Cr were formed by lithography. 
The distance between the ends of the pair of electrodes was about 0.08 um. 

A magnetic field of about 100 Oe was applied in the direction 
perpendicular to the current while measuring the electrical resistance of such 
a device, and the electrical resistance was reduced by about 20%. 

This change of the electrical resistance means that the current 
flowing along the island-shaped metal fine particles and flowing as a tunnel 
current between the monomolecular films from the electrode 402 to the other 
electrode is changed with the magnetization direction of the fine particles 401. 
This tunnel resistance or the resistance change ratio depends on the size or 
the order of alignment of the fine particles, and therefore excellent 
magnetoresistance characteristics can be obtained by controlling the 
alignment of the fine particles by the method of the present invention. 

Using such a magnetore si stive device, a magnetic head as shown in 
FIGS. 25 and 26 can be produced. 

Example 16 

A magnetic recording medium shown in FIG. 29 was produced, using 
a glass substrate with a diameter of 2.5 inches as the substrate 504 in the 
method combining a vapor phase rapid quenching and a chemical method. 

Firstly, a Ni-Fe film was formed on a glass substrate 4 as the soft 
magnetic thin film layer 3 by current sputtering. First, a film-forming 
chamber was evacuated to 1.33xl0 3 Pa (lxl0- 5 Torr) or less, and then Ar gas 
was introduced to 2.66xKHPa (2mTorr) as the sputtering gas. A Nio.sFeo.2 
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(the composition is expressed by the atomic %) alloy target with a diameter of 
3 inches was used as the target, and the target power was 100 W. The 
thickness of the soft magnetic thin film layer was 500 nm. The saturation 
flux density Bs of this soft magnetic film was 1 T, the coercive force He was 
5 0.3 Oe, and the permeability u was 1000. 

Secondly, the glass substrate 504 provided with the soft magnetic thin 
film layer 503 was exposed to the air, and the substrate was immersed in a 
solution, so that a monomolecular film comprising chlorosilane compounds 
shown in Example 1 (FIG. 2C) was formed on the surface of the soft magnetic 
10 thin film layer 503. More specifically, a solvent of hexade cane and 

chloroform having a volume ratio of 4:1 was prepared in a dry atmosphere, 
m and chlorosilane compounds having a CH2CI group as its end functional 

2 group was added to 100 mL of the solvent so that 0.01 mol/L of 

O 

yg hexadecane/chloroform mixed solution was prepared. Then, 20 mL of this 

Ul 15 solution was removed in a dry atmosphere and the substrate was immersed 

gjj in the solution, which was stirred mildly. A half hour later, the substrate 

SJ was removed from the mixed solution in a dry atmosphere, and the substrate 
was immersed in dry chloroform for washing in a dry atmosphere. 

fear 

^ Thereafter, the substrate 504 was taken out. A monomolecular film 

20 comprising the chlorosilane compounds was formed on the soft magnetic thin 
film layer 503. 

fU Thirdly, Feo.52Pto.48 alloy fine magnetic particles with a diameter of 

about 5 nm provided with a monomolecular film on its surface were applied to 
the soft magnetic thin film layer provided with the monomolecular film. 

25 First, a monomolecular film was formed on FePt fine particles 501 as shown 
in Example 1 (FIG. 1C). More specifically, a 0.01 mol/L hexane solution was 
prepared by adding a chlorosilane compound having a phenyl group as shown 
in Example 1 as its end functional group to 100 mL of hexane as a 
non-aqueous inert solvent in a dry atmosphere. Then, 100 mg of FePt fine 

30 particles 501 were added to the solution, and the solution was stirred 

sufficiently. A half hour later, the hexane solvent and unreacted chlorosilane 
compounds were separated from the fine magnetic particles in the dry 
atmosphere. Then, as shown in FIGS. 3A and 3B, an operation for allowing 
the surface of the soft magnetic thin film 503 to carry the fine magnetic 

35 particles 501 was performed. A solution of the fine magnetic particles coated 
with the monomolecular film dispersed in chloroform was prepared. The 
concentration can be selected as appropriate, and in this case, 100 mg were 
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used with respect to 50 mL of chloroform. A micro reaction vessel containing 
the substrate was placed in an oil bath, and the chloroform solution was 
dropped in several portions on the substrate with a dropping pipette, so that 
the substrate surface was wet with the chloroform solution. Furthermore, a 
5 small amount of aluminum chloride was added to thereto, and the solution 
was stirred with a stirrer. The temperature of the oil bath was raised and 
set to about 120°C, and heated. Since chloroform on the substrate would be 
vaporized readily, in order to suppress it, a quenching tube was provided in 
the micro reaction vessel to suppress a decrease of the chloroform solution. 
10 One hour later, the fine magnetic particles remained on the substrate, and 
the functional groups of the monomolecular films formed on the surfaces of 
Li both the fine magnetic.particles and the substrate were chemically reacted. 

O This reaction was effected between the functional groups of the 

Ul monomolecular film formed on the substrate surface and the functional 

in 15 groups of the monomolecular film formed on the surfaces of the fine magnetic 
|J particles, whereas no reaction was effected between the functional groups of 

SI tne monomolecular film formed on the surfaces of the fine magnetic particles, 

^ and unreacted fine magnetic particles were washed away from the substrate 

by washing the substrate with hexane after the reaction. The fine magnetic 
FU 20 particles that had been subjected to the reaction were immobilized on the 
^ substrate with chemical bonds. Thus, the fine magnetic particles formed 

fy aligned fine particles on the surface of the substrate (FIGS. 3 A and 3B). 

Next, the aligned fine particles were subjected to a heat treatment at 
a high temperature and a high magnetic field with an apparatus for heat 
25 treatment in a magnetic field so that the magnetic recording layer exhibited 
perpendicular magnetic anisotropy. At this point, inert nitrogen gas of 1 atm 
was used for the atmosphere of the sample, and a magnetic field of 10 kOe 
was applied as a magnetic field in the perpendicular direction. While 
applying the magnetic field, the temperature was raised at a rate of 100°C 
30 per about 30 minutes. Then, the sample was kept at about 570°C for 3 hours, 
and cooled at the same rate as when raising the temperature. It is believed 
that if the monomolecular film is subjected to such a high temperature heat 
treatment as above, the structure shown in FIGS. 3A and 3B cannot be 
maintained and the monomolecular film is carbonized. However, it is 
35 believed that the monomolecular films are present as a coating as shown in 
505 in FIG. 29, and remain to keep the distance between the fine particles 
constant. Thereafter, the sample was placed in a magnetic field of 100 Oe 
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that rotates in the film plane and retained at 200°C for 3 hours so that the 

anisotropy of the soft magnetic film was in the film plane. Reference 

numeral 502 denotes a diamond-like carbon layer. 

For comparison, a medium was produced in exactly the same manner 

as in Example 16-1 described above, except that the soft magnetic thin film 

layers shown in FIG. 29 were not provided (Example 16-2). 

Furthermore, a medium was produced in the same manner as in 

Examples 16-1 described above, except that the magnetic field was not 

applied in the fourth process (Example 16-3). 

Furthermore, a medium was produced in the same manner as in 
Examples 16-1 described above, except that the second process was omitted 

(Example 16-4) 

Furthermore, a medium that was not provided with the soft magnetic 
thin film layer was produced with a heat treatment without applying a 
magnetic field in the fourth process (Comparative Example A). 

The magnetic characteristics of the thus produced magnetic recording 
media were evaluated with a SQUID (Superconducting Quantum 
Interference Device). The magnetization curve was drawn at room 
temperature, and the horny ratio S (the ratio Mr/Ms of the residual 
magnetization Mr to the saturation magnetization Ms) was obtained. The 
horny ratio S x for the perpendicular direction as the magnetic field 
application direction and the horny ratio S// for the in-plane direction as the 
magnetic field application direction were obtained, and thus the ratio S ± /S// 
was obtained. As a result, in Examples 16-1 and 16-4, the value of S x /S//is 
about 5, which means that a perpendicular magnetic recording medium 
exhibiting satisfactory perpendicular magnetic anisotropy was formed. In 
Example 16-2, the value of S ± /S// is about 3, which is not poor. In Example 
16-3 and Comparative Example A, the samples to which a magnetic field was 
not applied during the heat treatment, the anisotropy was isotropic, and the 
value of S x /S//is about 1, and thus the samples did not exhibit perpendicular 
anisotropy. 

Then, the-thus produced samples were put in a plasma CVD 
apparatus to form a diamond-like carbon film with a thickness of about 8 nm 
as the protective layer. 

Next, the magnetic recording medium of the present invention was 
evaluated with the magnetic recording/reproduction apparatus shown in 
FIGS. 20A and 20B. In this case, a single magnetic pole head as shown in 
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FIG. 32 was used as the recording head, and a GMR head was used as the 
reproducing head. The shield gap length of the reproducing head was 0.1 
um. In order to evaluate the high-density recording characteristics of the 
medium, the reproduction output was detected while changing the recording 
5 frequency from 50 kFCI (flux change per inch, the number of magnetization 
reversals per inch) to several hundreds kFCI to obtain the half output 
recording density (D50) that is the density when the reproduction output was 
reduced to a half of the reproduction output of that at 50 k FCI. 

The D50 of the magnetic recording medium of Example 16-1 was 380 
10 kFCI, which confirmed very high-density recording. The D50 of the magnetic 
recording medium of Example 16-4 was 300 kFCI. In this case, the output 
^ was unstable, so that it was likely that in some portions, the fine particles 

O were not uniformly dispersed. On the other hand, it was 250 kFCI in 

jjjj Example 16-2, 240 kFCI in Example 16-3, and 180 kFCI in Comparative 

fjj 15 Example A. 

01 
EH 

Sj Example 17 

a A magnetic recording medium having the structure shown in FIG. 29 

P was formed on a 2.5 inch glass substrate 504. A Fe-Ta-C film was formed as 

fy 20 the soft magnetic thin film layer 503 by sputtering as described above. In 
W this film, Bs was about 1.6 T, He = 0.5 Oe, and u = 1000. The thickness 

thereof was 300 nm. 

Next, Co fine particles with a diameter of about 9 nm were used as 
the fine particles, and a monomolecular film comprising methoxysilane 
25 compounds having amino groups as the functional groups at the end shown 
in Example 3 (FIG. 7C) was formed on the surfaces of the Co fine particles. 

Then, a monomolecular film comprising methoxysilane compounds 
having carboxyl groups as the functional groups at the end shown in Example 
3 (FIG. 8C) was formed on the surface on the sample of a glass substrate 
30 provided with the soft magnetic thin film layer. 

Then, the fine particles provided with the monomolecular film were 
applied onto the soft magnetic thin film layer provided with the 
monomolecular film, so that the functional groups are reacted to align the 
fine particles on the soft magnetic film. 
35 For comparison, the same medium as above except that the soft 

magnetic thin film layer 503 was not provided was produced (Comparative 
Example B). 
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The thus produced magnetic recording medium shown in FIG. 29 was 
evaluated with the same magnetic recording/ reproduction apparatus as in 
Example 16. As a result, the half output recording density D50 of 
Comparative Example B was 160 k FCI, whereas D50 of Example 17 was 310 
5 k FCI, which is very high. 

Example 18 

Feo.5Pto.5 alloy fine particles having a diameter of about 5 nm coated 
with an organic coating were formed in the same manner as in Example 16. 

These fine particles were applied onto a Si substrate as a 
non-magnetic substrate. In this example, the fine particles were applied 
onto a non-magnetic substrate. However, the non-magnetic substrate is not 
necessary, and a magnetic substrate can be used, or a soft magnetic film can 
be formed on a non-magnetic substrate, and then the fine particles can be 
applied thereto. 

Then, a heat treatment was performed while applying a magnetic 
field in the direction perpendicular to the film plane, so that FePt fine 
particles were ordered. Thereafter, a magnetic field was applied in the 
direction perpendicular to the film plane and in the in-plane and the 
magnetization was measured. The coercive force (Hc ± and He//) in each 
direction was obtained. Table 2 shows the conditions during the heat 
treatment and the magnetic characteristics. 

Table 2 



Sample No. 


Heat 
treatment 
temperature 
(°C) 


Applied 
magnetic 
field (kOe) 


Hc ± 
(kOe) 


He// 
(kOe) 


Hc x /Hc// 


Com. Ex. A 


400 


1 


1.5 


1.3 


1.2 


Com. Ex. B 


450 


1 


3.3 


2.5 


1.3 


Ex. 16-1 


480 


1 


5.5 


1.0 


5.5 


Ex. 16-2 


500 


1 


6.2 


1.1 


5.6 


Ex. 16-3 


530 


1 


7.3 


2.2 


3.3 


Ex. 16-4 


58<J 


1 


7.1 


3.6 


2.2 


Ex. 16-5 


600 


1 


7.5 


3.8 


2.0 


Ex. 16-6 


650 


1 


6.8 


4.2 


1.6 


Com. Ex. C 


700 


1 


6.2 


5.5 


1.1 


Com. Ex. D 


750 


1 


5.7 


5.8 


1.0 


Com. Ex. E 


530 


0.1 


4.9 


4.7 


1.0 



10 



w 15 



M 

3 



py 20 
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Com. Ex. F 


530 


0.2 


5.5 


4.7 


1.2 


Com. Ex. G 


530 


0.5 


6.0 


4.0 


1.5 


Ex. 18-1 


530 


2 


7.5 


2.1 


3.6 




OOKJ 




7 4. 
/ .ft 


J..O 


A 1 


Ex. 18-3 


530 


10 


7.5 


1.3 


5.7 


Ex. 18-4 


530 


15 


7.6 


1.3 


5.8 


Ex. 18-5 


530 


20 


7.4 


1.2 


6.2 


Com. Ex. H 


530 


30 


7.5 


1.3 


5.8 
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In view of crystallographically orientational properties, in general, 
the orientational properties can be evaluated more directly by identifying the 
orientations of the a axis and the caxis of the ordered layer by X-ray 
p 5 diffraction or the like. However, in the examples of the present invention, 

the samples comprise the fine particles of the nanometer order, and therefore, 
although each fine particle is a single crystal, the orientations of the crystal 
axes can be regarded as being distributed when the sample is viewed as an 
aggregate of the fine particles. Therefore, such evaluation is difficult to 
Q 10 perform. 

Jjj In the case of this example, it is believed that when the crystals are 

ordered, the magnetic anisotropy in a specific direction increases, and the 
coercive force He increases. Therefore, instead of evaluating the degree of 
the orientation, the crystal orientational properties can be evaluated based on 
15 the coercive forces of the magnetic field application direction and the 
direction perpendicular to the magnetic field application direction (the 
direction perpendicular to the film plane and the in-plane direction in this 
case), and the ratio thereof. 

From the viewpoint of a magnetic recording medium, when 
20 recording/reproducing information in the direction perpendicular to the film 
plane, it can be said that it is preferable that the anisotropy is in the direction 
perpendicular to the film plane (the coercive force in the direction 
perpendicular to the film plane is large). 

It is believed that the increase in the coercive force with increasing 
25 temperature for the heat treatment in Table 2 is due to development of 
ordering. As seen from Table 2, in Examples 16-1 to 16-6 of the present 
invention, Hc ± /Hc//> 1.5, which is larger than those of Comparative Examples 
A to D, and it is evident that a heat treatment in the temperature range is 
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advantageous to control the orientation. Compared with the group in which 
the heat treatment was performed at 1 kOe, as shown in Examples 16-1 and 
16-2, in the samples that were subjected to a heat treatment at the Curie 
temperature (Tc = 480°C) or a temperature just above that, Hc ± /Hc//> 5, so 
that they are the most excellent for controlling the orientation. However, 
Examples 16-3 to 16-5 show larger Hc ± , which is believed to be due to further 
development of ordering. 

Next, regarding the dependence of the magnitude of the magnetic 
field, Table 2 indicates that a magnetic field of at least 1 kOe is required to 
obtain a value of Hc x /Hc// > 2. The value of Hc ± /Hc// tends to be larger as the 
magnetic field is larger, but it is substantially saturated at 10 kOe or more. 
It preferably is 20 kOe or less in view of the productivity. 

As described above, the method for controlling the crystal orientation 
of the particles of the present invention is advantageous. 

If a magnetic recording medium is produced in the same manner as 
above, an excellent recording medium having a strong perpendicular 
magnetic anisotropy in the film plane and a sufficient coercive force in the 
perpendicular direction surely can be obtained. 
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Example 19 

FePt fine particles were synthesized in exactly the manner as in 
Example 18, and were subjected to a heat treatment while a magnetic field 
was applied in the direction perpendicular to the film plane. The 
temperature during the heat treatment was 500°C and the applied magnetic 
field was 1 kOe, which are the same as in Example 16-2. Furthermore, the 
magnetization was measured in the same manner as in Example 18 in order 
to evaluate the orientational properties of the film. Table 3 shows the 
results. 

Table 3 



Sample 
No. 


Diameter of fine 
particles (nm) 


Hc ± (kOe) 


Hc//(kOe) 


Hc ± /Hc// 


Ex. 19-1 


3 


5.8 


0.9 


6.4 


Ex. 18-2 


5 


6.2 


1.1 


5.6 


Ex. 19-2 


10 


5.7 


1.0 


5.7 


Ex. 19-3 


15 


5.8 


1.2 


4.7 


Ex. 19-4 


20 


5.6 


1.1 


5.1 


Ex. 19-5 


30 


5.2 


2.1 


2.5 
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Ex. 19-6 


50 


4.9 


2.2 


2.2 


Com. 
Ex. 4-A 


80 


3.3 


2.5 


1.3 


Com. 
Ex. 4-B 


100 


2.8 


2.3 


1.2 



As in the interpretation of Table 2, in this case, it is believed that the 
increase of He corresponds to the development of the ordering of the FePt 
alloy. It also is believed that the direction in which He becomes larger 
corresponds to the direction to which the caxis of the FePt film is oriented. 

From Table 3, it is evident that when a heat treatment is performed 
under these conditions, the size of the fine particles crucially affects the 
control of the orientation. More specifically, when the size of the fine 
particles is 80 nm or more, Hc ± /Hc//< 2, and the control of the orientation to 
the perpendicular direction is insufficient. On the other hand, the diameter 
of the fine particles is 50 nm or less, Hc ± /Hc//> 2, and it is believed that the c 
axis orientation to the direction perpendicular to the film plane can be 
obtained. When the diameter of the fine particles is 20 nm or less, Hc x /Hc//> 
4 can be obtained so that more preferable crystal orientation can be obtained. 
As in this case, the reason why the caxis is oriented to a specific direction 
during ordering when very fine particles are used is that when the particles 
are small, the lattice strain due to ordering is likely to be alleviated and a low 
energy state supplied by the magnetic field is likely to be achieved. 

As described above, when fine particles having a crystal grain size of 
3 to 50 nm are used, a satisfactory crystal orientation to the direction 
perpendicular to the film plane can be obtained, and a magnetic recording 
medium having a large perpendicular magnetic anisotropy can be produced. 

Example 20 

A Si substrate was used as the substrate, and convexities and 
concavities were formed on the substrate as the first step. The convexities 
and the concavities were formed in the manner shown in FIGS. 36A-D. 
More specifically, first, a resist 621 having a thickness of 0.6 um was applied 
onto a Si substrate 620 (FIG. 36A), and a desired resist pattern (FIG. 36B) 
was formed by photolithography. Next, a Cu film was formed to a thickness 
of about 20 nm by a molecular beam epitaxy (MBE) method (FIG. 36C). 
Finally, the resist pattern was removed with an organic solvent or by ashing 
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so that a pattern shown in FIG. 36D was formed. The thus formed groove 
had a depth of the thickness of the Cu film, which was about 20 nm, and a 
width and a length of 0.2 um. 

Then, an operation for coating precious metal Au fine particles having 
an average particle size of 4 nm with an organic coating was performed. As 
shown in Example 2 (FIG. 4C), a 0.01 mol/L butyl alcohol solution was 
prepared by adding thiol compounds having hydroxyl groups as end 
functional groups to 100 mL of butyl alcohol in a dry atmosphere. Then, 100 
mg of Au fine magnetic particles having a diameter of 5 nm as the precious 
metal fine particles were added to the solution, and the solution was stirred 
sufficiently. A half hour later, the butyl alcohol and unreacted thiol 
compounds were separated from the precious metal fine particles, and thus a 
monomolecular film comprising the thiol compounds was formed on the 
surface of the precious metal fine particles. 

Next, an operation for forming a monomolecular film as shown in 
Example 2 (FIG. 5) was performed with respect to the Si substrate 603 
provided with convexities and concavities as described above. A solvent of 
hexadecane and chloroform having a volume ratio of 4:1 was prepared in a 
dry atmosphere, and a chlorosilane compound having an epoxy group as its 
end functional group was added to 100 mL of the solvent so that 0.01 mol/L of 
hexadecane/chloroform mixed solution was prepared. Then, 20 mL of this 
solution was removed in a dry atmosphere and the substrate was immersed 
in the solution, followed by mild stirring. A half hour later, the substrate 
was taken out from the mixed solution in the dry atmosphere, and the 
substrate was immersed in chloroform in a dry atmosphere for washing. 
Thereafter, the substrate was taken out. A monomolecular film comprising 
the chlorosilane compounds was formed on the surface of the substrate. The 
chlorosilane based monomolecular film has the properties of hardly reacting 
with precious metal such as Cu and Au and easily reacting with the Si 
substrate, so that the monomolecular film was formed only in the portion in 
which the Si of the substrate with convexities and concavities was exposed. 
In other words, the monomolecular film was formed only in the concave 
portions. 

Then, an operation for allowing the surface of the substrate to carry 
the Au fine particles was performed. A solution of the Au fine particles 
coated with the monomolecular film dispersed in butyl alcohol was prepared. 
The concentration can be selected as appropriate, and in this case, 100 mg 
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were used with respect to 50 mL of hexane. The substrate was placed on a 
hot plate, and the butyl alcohol solution was dropped in several portions on 
the substrate with a dropping pipette, so that the substrate surface was wet 
with the butyl alcohol solution. Then, the temperature of the hot plate was 
raised and set to about 150°C, and heated. The butyl alcohol on the 
substrate was immediately vaporized, and the precious metal fine particles 
remained on the substrate, and the functional groups of the monomolecular 
films formed on the surfaces of the precious metal fine particles and the 
surface of the substrate were chemically reacted. This reaction was effected 
between the functional groups of the monomolecular film formed on the 
surface of the substrate and the functional groups of the monomolecular film 
formed on the surfaces, of the precious metal fine particles, whereas no 
reaction was effected between the functional groups of the monomolecular 
film formed on the surfaces of the precious metal fine particles, and 
unre acted precious metal fine particles were washed away from the substrate 
by washing the substrate with butyl alcohol after the reaction. The reacted 
precious metal fine particles were immobilized on the substrate with 
chemical bonds. As a result, the aligned precious metal fine particles were 
formed on the surface of the substrate (FIG. 34A-34B). 

The thus formed alignment of the Au fine particles on the substrate 
with convexities and concavities was observed with a high resolution SEM 
(scanning electron microscopy). As a result, regarding the concave portions, 
alignment as shown in FIG. 34A and 34B along the border of the concave 
portions was achieved. 

In Example 20, the monomolecular film was formed on each of the 
fine particles and the substrate, but forming convexities and concavities as 
shown in FIG. 34A and 34B is advantageous also when forming the 
monomolecular film only on the fine particles. In this case, it is difficult to 
control the number of layers of the fine particles, but it can be utilized more 
advantageously for self-assembly of the fine particles, so that it is possible to 
align the fine particles along the concave portion. 

Example 21 

A Si substrate with a diameter of 2.5 inches that was not provided 
with an orientation flat was used as the substrate disk 610 of FIG. 35, and 
fine magnetic particles were dispersed to produce a magnetic recording 
medium. 
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First, a Ni-Fe film as a soft magnetic thin film layer was formed on 
the Si substrate 610 by direct current sputtering. First, a film -forming 
chamber was evacuated to 1.33xl0 3 Pa (lxl(r 5 Torr) or less, and then Ar gas 
was introduced to 2.66xl0 1 Pa (2m Torr) as a sputtering gas. A Nio.sFeo.2 
alloy (the composition was the atomic composition ratio) target with a 
diameter of 3 inches was used and the target power was 100 W. The 
thickness of the soft magnetic thin film layer was 500 nm. The saturation 
magnetic flux of this film was about 1 T, the coercive force He was 0.3 Oe, and 
the permeability u was 1000. 

Next, microprocessing as shown in FIG. 35 was performed with 
respect to the Si substrate provided with the Ni-Fe film. In this case, 
convexities and concavities were formed in.the same manner as in Example 
20, that is, the manner shown in FIGS. 36A to 36D, except that the formed 
convex portion was formed of exactly the same material as the soft magnetic 
layer. Therefore, both the concave portion and the convex portion were 
formed of the Ni-Fe alloy. The depth of the groove in this case was about 3 
nm, the width thereof was about 300 nm, and the distance between the 
grooves was about 200 nm. 

Next, the Si substrate that was subjected to the film formation and 
the processing as above was immersed in a solution, so that a monomolecular 
film comprising chlorosilane compounds was formed on the surface of the 
substrate as shown in Example 1. More specifically, a solvent of hexadecane 
and chloroform having a volume ratio of 4:1 was prepared in a dry 
atmosphere, and a chlorosilane compound having a CH2CI group as its end 
functional group was added to 100 mL of the solvent so that 0.01 mol/L of 
hexadecane/chloroform mixed solution was prepared. Then, 20 mL of this 
solution was removed in a dry atmosphere and the silicon substrate was 
immersed in the solution, which was stirred mildly. A half hour later, the 
substrate was removed from the mixed solution in a dry atmosphere, and the 
substrate was immersed in dry chloroform for washing in a dry atmosphere. 
Thereafter, the substrate was taken out. Thus, a monomolecular film 
comprising the chlorosilane compounds was formed on the surface of the 
substrate of the soft magnetic thin film layer. The obtained monomolecular 
film was shown in FIG. 2C. 

Next, Feo.52Pto.48 alloy fine particles having a diameter of about 5 nm 
whose surfaces were provided with a monomolecular film were applied to the 
substrate provided with the monomolecular film. First, a monomolecular 
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film was produced on the FePt fine particles as shown in FIG. 1C. More 
specifically, a 0.01 mol/L hexane solution was prepared by adding a 
chlorosilane compound having a phenyl group as its end functional group to 
100 mL of hexane as a non-aqueous inert solvent in a dry atmosphere. Then, 
100 mg of FePt fine magnetic particles were added to the solution, and the 
solution was stirred sufficiently. A half hour later, the hexane solvent and 
unreacted chlorosilane compounds were separated from the fine magnetic 
particles in the dry atmosphere. Then, as shown in FIG. 1C, an operation 
for allowing the surface of the soft magnetic thin film layer to carry the fine 
magnetic particles was performed. A solution of the fine magnetic particles 
coated with the monomolecular film dispersed in chloroform was prepared. 
The concentration can be selected as appropriate, and in this case, 100 mg 
were used with respect to 50 mL of chloroform. A micro reaction vessel 
containing the substrate was placed in an oil bath, and the chloroform 
solution was dropped in several portions on the substrate with a dropping 
pipette, so that the substrate surface was wet with the chloroform solution. 
Furthermore, a small amount of aluminum chloride was added to thereto, 
and the solution and stirred with a stirrer. The temperature of the oil bath 
was raised and set to about 120°C, and heated. Since chloroform on the 
substrate would be vaporized readily, in order to suppress it, a quenching 
tube was provided in the micro reaction vessel to suppress a decrease of the 
chloroform solution. One hour later, the fine magnetic particles remained on 
the substrate, and the functional groups of the monomolecular films formed 
on the surfaces of both the fine magnetic particles and the substrate were 
chemically reacted. This reaction was effected between the functional 
groups of the monomolecular film formed on the substrate surface and the 
functional groups of the monomolecular film formed on the surfaces of the 
fine magnetic particles, whereas no reaction was effected between the 
functional groups of the monomolecular film formed on the surfaces of the 
fine magnetic particles, and unreacted fine magnetic particles were washed 
away from the substrate by washing the substrate with hexane after the 
reaction. The fine magnetic particles -that had been subjected to the reaction 
were immobilized on the substrate with chemical bonds. Thus, the fine 
magnetic particles formed aligned fine particles on the surface of the 
substrate (FIG. 34B). 

Then, the thus produced aligned fine particles were subjected to a 
heat treatment at a high temperature with an apparatus for heat treatment 
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in a magnetic field so that the magnetic recording layer exhibited 
perpendicular magnetic anisotropy. At this point, inert nitrogen gas of 1 atm 
was used for the atmosphere of the sample, and a magnetic field of 10 kOe 
was applied as a magnetic field in the perpendicular direction. While 
applying the magnetic field, the temperature was raised at a rate of 100°C 
per about 30 minutes. Then, the sample was kept at about 570°C for 3 hours, 
and cooled at the same rate as when raising the temperature. It is believed 
that if the monomolecular film is subjected to such a high temperature heat 
treatment as above, the structure shown in FIGS. 3A and 3B cannot be 
maintained and the monomolecular film 602 is carbonized. However, it is 
believed that the monomolecular films are present as a coating, and remain 
to keep the distance between the fine particles constant. Thereafter, the 
sample was placed in a magnetic field of 100 Oe that rotates in the in-plane 
and retained at 200°C for 3 hours so that the anisotropy of the soft magnetic 
film was in the film plane. 

The magnetic characteristics of the thus produced magnetic recording 
medium were evaluated with a SQUID (Superconducting Quantum 
Interference Device). The magnetization curve was drawn at room 
temperature under application of a magnetic field to a direction 
perpendicular to the film plane, and the coercive force He and the horny ratio 
S (the ratio Mr/Ms of the residual magnetization Mr to the saturation 
magnetization Ms) were obtained. The results were that the magnetic 
recording medium of the present invention was found to have He of 5 kOe 
and S of 0.9, and thus satisfy the necessary characteristics as a magnetic 
recording medium. 

The thus formed alignment of the Fe-Pt fine particles was observed 
with a high resolution SEM. As a result, regarding this sample, the fine 
particles were aligned along the groove of the circumference shown in FIG. 35. 
In this state, the fine particles were very ordered in the groove, but in the 
convex portion, the fine particles were less ordered than those in the groove, 
but aligned along the circumference. 

Next, a magnetic recording reproducing system as shown in FIGS. 
20A and 20B was considered. Simulation for the recording/reproduction 
characteristics was performed with a track width of 30 nm, which has not 
been achieved at present, and with an actuator that is assumed to be used 
with it. In this case, a single magnetic pole head including a return path 
and a GMR head were used as a recording head and a reproducing head, 
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respectively. Then, the S/N ratio of the magnetic recording medium of the 
present invention was compared with that of a magnetic recording medium 
(conventional example) that was produced in the same manner as in the 
present invention except that the patterning shown in FIG. 35 was not 
5 performed. The results were that the magnetic recording medium of the 
present invention had a S/N ration of about 6 dB higher than that of the 
conventional example at a frequency of 400 kFCI. 

In the medium of this example, a difference of the level between the 
concave portion and the convex portion was 3 nm, but this difference did not 
10 cause any problems in the examination as described above. It is possible 
that the recording reproduction characteristics in the convex portion are 
poorer than those in the concave portion, and therefore it is preferable that 
P the ratio of the area of the concave portion is larger. In view of the future of 

m further high-density recording, it is advantageous to use the optimal 

Ul 15 recording density and recording method for each of the concave portion and 
j? the convex portion. Furthermore, a recording/reproducing method utilizing 

S| this difference of the level can be conceived. 

a As described above, with the present invention, it is possible to align 

2 the fine particles of nanometer scale in a predetermined position. 

20 Furthermore, utilizing this, a magnetic recording medium that can achieve 
high-density recording can be obtained, and a high-density magnetic 
recording/reproducing apparatus can be provided. 

It should be noted that the type of the material of the organic coating 
film formed on the substrate is not necessarily the same as that of the organic 
25 coating film formed on the fine particles and they can be selected as 

appropriate in view of the materials of the substrate and the fine particles. 

In the examples of the present invention, many examples of the fine 
magnetic particles have been described, but the present invention is not 
limited to the fine magnetic particles. If optical, dielectric, electric, quantum, 
30 or strength performance is required, a material suitable for that purpose can 
be used. 

In some of the examples of the present invention, a heat treatment is 
not included, but a heat treatment can be performed in a post process in 
order to obtain the desired magnetic properties. 
35 In the examples of the present invention, a material having a 

chlorosilane group was used as the material for the organic coating films 
formed on the surface of the substrate and the surfaces of the fine particles, 
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and the organic coating films of the substrate and the fine particles were 
bonded with covalent bonds. They are not necessarily bonded with covalent 
bonds, but can be bonded with ion bonds, coordinate bonds, or intermolecular 
force. However, the binding force between the organic coating film of the 
substrate and that of the fine particles depends on the binding form, and it 
seems that the covalent bonds provide the largest binding force and excellent 
durability. 

In the examples of the present invention, an organic coating film 
material having chlorosilane groups was used, but thiol groups, isocyanate 
groups, alkoxysilane groups or groups for forming coordinate bonds (organic 
compounds including a plurality of functional groups having a coordinatable 
unshared electron pair such as carboxyl groups, carbonyl groups, acetyl 
groups, amino groups, imino groups, hydroxyl groups, and thiol groups, and 
whose functional groups are positioned within the distance of 1 to 3 carbons, 
for example, acetyl acetone, ethyl acetoacetate, ethylene diamine, diethylene 
triamine, diethyl amine, thiourea, diethanol amine, triethanol amine, 
iminodiacetic acid, nitrile triacetic acid, ethylene diamine tetraacetic acid, 
quinoline-8- carboxylic acid, quinaldinic acid, orthoamino benzoic acid, oxalic 
acid, malonic acid, succinic acid, adipic acid, maleic acid, fumaric acid and 
derivatives thereof or the like can be used. 

In the examples of the present invention, fine magnetic particles and 
precious metal fine particles were used as the fine particles, but plastic beads, 
glass beads, composite fine particles obtained by coating the surfaces of metal 
fine particles with glass, composite fine particles obtained by coating the 
surfaces of glass beads with metal, composite fine particles obtained by 
coating the surfaces of plastic beads with metal, composite fine particles 
obtained by coating the surfaces of metal fine particles with resin, or the like 
can be used. It is possible to perform a pre -treatment such as a gas plasma 
treatment, an ozone treatment, and a corona discharge treatment before 
forming the organic coating film, if necessary. 

In the examples of the present invention, the fine magnetic particles 
constituted a device as an aggregate, but a descice in which individual 
magnetic particles exhibit the function independently can be formed. 
Alternatively, the present invention can be applied as light-light conversion 
devices, light-electricity conversion devices, electricity-light conversion 
devices in which the fine particles exhibit their function as an aggregate or 
individual fine particles exhibit their function independently. 



66 



t 



The invention may be embodied in other forms without departing 
from the spirit or essential characteristics thereof. The embodiments 
disclosed in this application are to be considered in all respects as illustrative 
and not limiting. The scope of the invention is indicated by the appended 
5 claims rather than by the foregoing description, and all changes which come 
within the meaning and range of equivalency of the claims are intended to be 
embraced therein. 
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